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Parti  Device  development 

To  study  the  effects  of  radiation  upon  the  various  devices,  different  types  of  GaAs  and 
GaN-based  electronic  devices  were  developed.  The  growth,  fabrication  and 
characterization  were  investigated  in  detail. 

Oxidized  GaAs  pHEMT  was  studied.  The  growth  was  optimized  to  minimize  the 
charge  loss  and  partially  oxidized  pHEMT  showed  improved  power  added 
efficiency(PAE).  Oxidation  technique  was  also  applied  to  GaAs-based  HBTs.  Oxide 
aperture  GaAs  HBT  showed  an  increased  fmax  due  to  the  reduced  base-collector 
capacitance. 

As  to  the  GaN-based  electronic  devices,  DC-to-RF  dispersion  phenomenon  and  its 
suppression  were  investigated.  The  temperature  dependence  of  the  DC  and  pulsed  TV 
characteristics  were  measured  and  related  trapping  mechanism  was  discussed.  A  p-GaN 
capped  AlGaN/GaN  HEMT  was  developed  to  reduce  the  dispersion  without  any  surface 
passivation.  Additionally,  some  GaN  processing  techniques  were  developed.  Digital 
etching  of  GaN  HEMTs  provides  a  highly  reproducible,  high  quality  (i.e.,  low  damage) 
gate  recess  process  with  no  selectivity  between  AlGaN  and  GaN.  A  high  temperature  and 
high  pressure  thermal  processing  was  also  studied  for  the  ion  implantation. 
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GaAs-based  devices 

GaAs  on  Insulator  (GOI)  metal-semiconductor  field  effect  transistors  (MESFETs) 
have  shown  low  substrate  leakage  current  and  high  power  added  efficiency.  It  is  of  great 
interest  to  extend  this  technology  to  pHEMTs,  but  high  charge  loss  after  the  oxidation  has 
been  a  serious  problem  for  the  application  of  GOI  technology.  Most  of  the  efforts  focused 
on  the  development  of  low  charge  loss,  high  quality  epi  materials.  The  growth  of  low 
temperature  (LT)  GaAs  or  AlGaAs  and  its’  in-situ  annealing  conditions  are  critical  for 
low  charge  loss.  Unoxidized,  partially  and  fully  oxidized  devices  were  built  on  the  same 
wafer  at  the  same  time  for  comparison.  Partially  oxidized  devices  showed  improved 
power  added  efficiency.  On  the  other  hand  fully  oxidized  devices  suffered  from  impact 
ionization  and  low  thermal  conductance  of  the  oxide. 

Oxide  aperture  HBTs  have  recently  been  fabricated.  These  devices  show  an 
increased  fmax  as  a  result  of  the  reduced  base-collector  capacitance,  but  due  to  parasitic 
capacitance  at  the  base-emitter  their  fT  is  limited. 
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1.1.  GOI  MESFETs  and  pHEMTs 


1.1.1. Optimized  Growth 

Optimized  the  MBE  growth  conditions  for  low  charge  loss  and  high  mobility,  high 
sheet  charge  density  MESFET  and  pHEMT  structures  (Figure  1). 
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Figure  1  MBE  grown  GOI  MESFET  and  pHEMT  structures 
The  2000A  low  temperature  (LT)  grown  GaAs  or  Alo.3oGaAs  underneath  the  oxidation 
layer  is  believed  to  expedite  the  oxidation  process  since  the  As  precipitates  in  this  LT 
grown  layer  act  as  gathering  centers  for  As  byproducts  produced  in  the  oxidation  process. 
Further  more,  LT  GaAs  or  AlGaAs  has  been  shown  to  have  very  short  lifetime  on  the 
order  of  ps  due  to  high  defect  density  in  the  material.  Electron  hole  pairs  induced  by 
high-energy  particles  can  recombine  quickly  in  this  LT  grown  layer,  thus  improving  the 
radiation  hardness  of  the  devices.  Due  to  the  low  surface  mobility  of  Al,  LT  grown 
Alo.3GaAs  tends  to  grow  rough  and  even  polycrystalline  at  270°C.  Its’  growth 


temperature  was  increased  to  300~400°C,  which  gave  smooth  LT  layer  and  lowered 
charge  loss  of  6  ~15%,  without  slowing  down  the  oxidation  rate.  Annealing  at  600°C  for 
10  minutes  is  the  optimized  in-situ  LT  (Al)GaAs  annealing  condition.  Hall  measurements 
of  MESFET  structures  showed  sheet  charge  densities  of  3  ~  6  x  1012/cm2  and  room 
temperature  mobilities  of  2500  ~  3000  cm2/V-s.  pHEMT  structures  achieved  sheet  charge 
densities  of  3  ~  4.7  x  1012/cm2  and  room  temperature  mobilities  of  5000  ~  6800  cm2/V-s. 
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1. Impartially  Oxidized  GOI  FETs  with  improved  PAE 


Fully  oxidized  pHEMTs  with  LT  GaAs  buffer  showed  transconductance  peaking  as 
high  as  50%  compared  with  the  unoxidized  devices  due  to  impact  ionization  in  the 
InGaAs  channel,  as  well  as  charge  loss  up  to  30%  due  to  back  depletion  caused  by 
defects  at  the  oxide-semiconductor  interface  (Figure  2). 


Vg  (V)  Vg  (V) 


Figure  2  Drain  current  and  transconductance  versus  gate  bias  at  2.5  V  drain  bias  of  (left)  unoxidized 
sample  with  maximum  gm  of  313  mS/mm  and  (right)  oxidized  sample  with  peaked  transconductance 

as  high  as  437  mS/mm. 

Partial  oxidation  was  investigated  to  solve  these  problems.  A  series  of  partially  to  fully 
oxidized  pHEMTs  were  fabricated  with  the  oxidation  front  extending  from  below  the 
source  edge  to  beyond  the  drain  edge.  Device  layout  was  shown  in  Figure  3.  It  was  found 
that  the  largest  transconductance  peaking  and  charge  loss  occurred  for  devices  with  an 


Figure  3  pHEMT  device  layout  with  varying  distance  between  the  oxidation  window  and  device 

source  edge. 

oxidation  front  extending  beyond  the  gate  region  (Figure  4).  Devices  with  the  oxidation 
front  stopped  around  the  source  edge  showed  flat  transconductance  curves  and  negligible 
charge  loss.  As  shown  in  Figure  5,  improved  PAEs  as  high  as  55%  have  been  achieved  at 
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8  GHz,  class  AB  bias  condition,  compared  with  a  PAE  of  32.5%  for  an  unoxidized 
control  sample  on  the  same  wafer  and  fabricated  at  the  same  time.  The  associated  power 


Oxidation  Depth  (pm)  Oxidation  Depth  (pm) 

loss— unoxidized  =  667  mA/mm  PAEunoxidized  =  32.5  % 

Gm_max_unoxidized  =  341  mS/mm 

Figure  4  Normalized  Idss  and  maximum  Figure  5  Power  added  efficiency  of  pHEMTs  at  8 
transconductance  at  2.5  V  of  partially  oxidized  GHz  with  a  bias  near  class  AB  operation.  The 
pHEMTs.  drain  bias  was  3.5  V. 

gains  were  around  15  to  17  dB  at  a  low  Vos  bias  of  3.5V.  The  preliminary  results 

indicated  partially  oxidized  pHEMTs  are  promising  for  high  efficiency  low  voltage 

wireless  application. 

MESFET  devices  with  LT  Alo.3oGaAs  buffer  showed  minimized  charge  loss  and 
similar  trend  in  terms  of  RF  performance  (Figure  6).  Partially  oxidized  devices  obtained 
62%  PAE  compared  with  unoxidized  devices  with  55%  PAE  at  4  GFIz,  class  AB  bias 
condition. 


Oxidation  Depth  (pm) 

Figure  6  Power  added  efficiency  of  MESFETs  at  8  GHz  with  a  bias  near  class  AB  operation.  The 

drain  bias  was  3  ~  4  V. 
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1.2.  Oxide  Aperture  HBT 
1 .2.1  .Oxide  Aperture  Diode 

Oxide  aperture  diodes,  similar  to  those  used  in  the  base-emitter  junction  of  the  oxide 
aperture  transistor,  were  fabricated  and  studied  to  better  understand  the  role  and  potential 
effect  of  the  oxide  aperture  on  diode  performance,  and  thus  transistor  performance. 

The  layer  structure,  accompanied  by  its  band  structure,  used  in  the  fabrication  of  the 
oxide  aperture  diodes  (oxide  diodes)  is  shown  in  Figure  7;  the  thickness  of  the  base- 
emitter  grade  (tgg)  was  varied  between  100  A,  500  A,  and  1000  A  with  the  thickness  of 
the  emitter  grade  held  at  500  A.  The  diodes  were  fabricated  using  a  standard  airbridge, 
mesa  diode  structure.  The  process,  in  essence,  consisted  of  etching  the  diode  mesa  down 
to  the  sub-emitter  to  expose  the  AlAso.56Sbo.44  layer  for  oxidation.  After  the 
AlAso.56Sbo.44  layer  was  oxidized  to  form  the  aperture,  base  and  emitter  contacts  were 
deposited.  Devices  were  completed  with  an  isolation  etch  and  airbridge  process. 


Figure  7  Layer  structure  and  band  diagram  of  the  oxide  aperture  diodes  used  in  this 
dissertation.  The  band  diagram  is  for  a  diode  with  a  500  A  base-emitter  grade.  The  shaded 
region  indicates  the  location  of  the  oxide  aperture. 


A  summary  of  the  dominant  active  geometry  and  diode  ideality  factor  for  diodes 
fabricated  in  this  dissertation,  extracted  from  current-voltage  characteristics,  are 
presented  in  Table  1.  A  plot  of  ideality  factor  versus  base-emitter  grade  thickness,  tsE,  is 
shown  in  Figure  8.  The  ideality  factor  is  found  to  be  a  minimum  for  oxide  diodes  with 
tBE  —  500  A. 
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tBE  (A) 

Dominant  active  geometry 

Ideality  factor,  tj 

unoxidized 

Mesa  area,  Amesa 

-1 

100 

Aperture  perimeter,  P aperture 

1.88 

500 

Aperture  area,  Aaperture 

1.01 

1000 

Between  Aaperjure  and  Amesa 

1.36 

Table  1  Summary  of  active  geometry  and  ideality  factor  for  diodes  fabricated  in  this 

dissertation. 

Figure  9  presents  an  illustration  of  the  hypothesized  physics  underlying  the  observed 
characteristics,  which  are  similar  to  those  seen  in  conventional  emitter-up  heterojunction 
bipolar  transistors  (HBTs)  with  emitter  ledges.  For  oxide  diodes  with  tgE  =  100  A,  the 
close  proximity  of  the  oxide  surface  to  the  depletion  region  of  the  pn  junction  results  in 
carrier  recombination  along  the  inner  periphery  of  the  oxide  aperture  (Figure  9a).  If  tgE  is 
increased,  the  oxide  is  removed  away  from  the  pn  junction  depletion  region,  removing  its 


Figure  8  Plot  of  ideality  factor,  tj,  versus  base-emitter  grade  thickness,  tBE.  The  average  TJ  as  a 
function  of  bias  for  each  thickness  found  using  with  the  error  bars  indicating  the  maximum  and 

minimum  measured  tj. 

influence  on  the  junction’s  carrier  dynamics  (Figure  9b  and  c).  In  the  tBE  -  1000  A  case, 
the  region  above  the  oxide  aperture  becomes  undepleted,  allowing  for  lateral  diffusion  of 
carriers  outside  of  the  aperture  area,  reducing  the  effectiveness  of  the  aperture,  and 
resulting  in  injection  of  carriers  outside  of  the  aperture  area  (Figure  9c). 

To  properly  channel  the  carriers  injected  into  the  base  from  the  emitter,  the  material 
above  the  oxide  aperture  must  remain  depleted,  in  order  to  prevent  lateral  earner 
diffusion.  Therefore,  the  base-emitter  grade  must  be  sufficiently  thick  to  remove  the 
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(a)  tg£  —  1 00  A  (b)  tg£  —  500  A  (c)  tBB  —  1 000  A 

Figure  9  Illustration  of  oxide  aperture  half-diodes  with  (a)  tBE  =  100  A,  (b)  tBE  =  500  A,  and  (c) 
tBE  =  1000  A.  The  dashed  line  outlines  the  region  bounded  by  the  oxide  aperture. 

oxide’s  influence  on  the  pn  junction’s  carrier  dynamics,  but  not  so  thick  that  the  region 

above  the  aperture  becomes  undepleted,  allowing  diffusion  outside  of  the  aperture  area 

(Figure  9b). 

Simulations  of  the  oxide  aperture  diodes  using  ATLAS  Device  Simulation  Software6 

n 

support  these  conclusions  (Figure  10). 


Figure  10  Simulations  of  the  oxide  aperture  diodes:  (a)  tBE  =  100  A  (without  recombination),  (b) 
tBE  =  500  A,  and  (c)  tBE  =  1000  A.  The  light  regions  indicate  areas  of  high  current  density;  the 

dark,  low  current  density. 


1.2.2.0xide  Aperture  HBT 

The  layer  structure  and  band  diagram  for  the  Generation  II  oxide  aperture  HBTs 
fabricated  in  this  dissertation  is  presented  in  Figure  11.  The  structure  (from  substrate  to 
surface)  consisted  of  a  semi-insulating  (SI)  InP  substrate,  a  0.5  pm  n+  GaAso.49Sbo.51  sub¬ 
emitter  (Te:  1  x  1019  cm'3),  a  500  A  n+  linear  grade  from  GaAso.49Sbo.51  to  AlAso.56Sbo.44 
(Te:  1  x  1019  cm'3),  a  200  A  n+  AlAso.56Sbo.44  emitter  (source  layer  for  the  oxide  aperture) 
(Te:  5  x  1018  cm'3),  a  500  A  n  linear  grade  from  AlAso.56Sbo.44  to  GaAso.49Sbo.51  (Te: 
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1  x  1018  cm'3),  a  500  A  p+  GaAso.49Sbo.51  base  (Be:  5  x  1019  cm"3),  and  a  3000  A  n 
Ino.53Gao.47As  collector  (Te:  5  x  1016  cm"3). 


Figure  11  Layer  structure  and  band  diagram  of  the  oxide  aperture  HBT. 

The  fabrication  of  the  oxide  aperture  HBT  is  not  that  different  from  most  conventional 
three-tiered  mesa  RF  HBTs,  which  makes  the  device  attractive  from  a  production  point- 
of-view.  The  fabrication  process  began  with  the  deposition  of  a  1  pm  Si02  dummy 
collector  by  standard  photolithography,  Si02  e-beam  evaporation,  and  lift-off.  The  base 
mesa  was  then  defined  using  photolithography  and  a  phosphoric  acid-based  etch.  The 
mesa  was  etched  down  to  the  sub-emitter  with  the  intention  of  exposing  the  AlAso.56Sbo.44 
emitter  for  oxidation.  After  the  AlAso.56Sbo.44  emitter  was  oxidized  to  form  the  oxide 
aperture,  the  collector  mesa  was  defined  using  a  selective  citric  acid-based  etch.  The 
base  and  emitter  contacts  were  deposited  next  by  e-beam  evaporation.  An  emitter  mesa 
etch  down  to  the  SI  InP  electrically  isolates  the  device.  A  co-planar  waveguide  (CPW) 
transmission  line  structure  and  microwave  probe  pads  are  deposited  on  the  SI  InP  to 
facilitate  microwave  measurements.  The  wafer  is  then  planarized  for  subsequent 
airbridge/interconnect  processing.  After  airbridge  posts  are  deposited  by  e-beam 
evaporation,  the  planarization  resist  is  blanket  etched  to  expose  the  Si02  dummy 
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collector.  Following  the  airbridge  lithography,  the  SiC>2  dummy  collector  is  removed  in 
buffered  hydrofluoric  acid  to  expose  the  collector.  The  airbridge  metal  is  deposited  by  e- 
beam  evaporation,  forming  a  Schottky  contact  on  the  collector.  The  fabrication  is 
completed  by  opening  vias  for  contacting  the  CPW  lines.  Figure  12  shows  a  photograph 
of  a  completed  device. 


Figure  12  Photo  of  a  completed  oxide  aperture  HBT.  The  device  here  has  a  4  X 10  pm2  collector 

contact 

Gummel  and  common-emitter  characteristics  for  three  sizes  of  Generation  II  HBTs  are 
shown  in  Figure  13:  a  transistor  with  a  3.5  x  9.5  pm2  emitter  area  and  4  x  10  pm2 
collector  area  (referred  to  as  a  4  x  10  transistor),  a  transistor  with  Ag  =  1.5  x  9.5  pm  and 
Ac  =  2  x  10  pm2  (2  x  10  transistor),  and  a  transistor  with  Ag  =  0.5  x  9.5  pm2  and 
Ac  =  1  x  10  pm2  (1  x  10  transistor).  These  devices,  like  the  previous  generation,  show  a 
considerably  high  gain.  In  strong  contrast  to  the  previous  generations’  characteristics, 
this  generation  displays  excellent  ideality  factors  for  the  base  and  collector  currents 
(%  =  1.18,  77c  =  1).  The  low  breakdown  and  increased  output  conductance,  especially  at 
higher  current  densities,  is  believed  to  be  due  to  impact  ionization  in  the  collector  and  not 
the  Early  Effect. 

The  short  circuit  current  gain  (fo/)  and  unilateral  power  gain  ( U)  corresponding  for 
maximum  measured/^  a  2  x  10  HBT  is  shown  in  Figure  14. 
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Figure  13  Gummel  and  common-emitter  characteristic  plots  of  (a)  a  Ac  =  4  x  10  pm2 
(Ae  =  3.5  x  9.5  pm2)  HBT  (IB  =  0  ~  0.5  mA  at  50  pA  steps),  (b)  a  Ac  =  2  X 10  pm2 
(Ae  =  1.5  x  9.5  pm2)  HBT  (IB  =  0  ~  1.25  mA  at  125  pA  steps),  and  (c)  a  Ac  =  1  x  10  pm2 
(Ae  =  0.5  X  9.5  pm2)  HBT  (IB  =  0~  1.5  mA  at  150  pA  steps). 
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Figure  14  Plot  of  h2i  and  U  versus  frequency.  The  measured /rand/wax  are  8.3  GHz  and 

17.7  GHz,  respectively. 
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2.  GaN-based  devices 


Recent  work  in  GaN  electronics  has  centered  on  examining  the  source  of  RF 
dispersion  and  effective  technological  schemes  to  removing  it  from  GaN  HEMTs. 
Through  temperature  dependent  measurements  of  GaN  HEMTs,  it  is  hypothesized  that 
RF  dispersion  is  a  results  from  surface  potential  fluctuations  arising  from  the  conduction 
of  gate  electrons  through  a  mini-band  of  traps,  located  within  the  bandgap  of  the 
ALtGai.xN  cap  layer,  along  the  surface  of  the  gate-drain  access  region.  In  order  to  remove 
dispersion  from  the  devices,  methods  to  de-couple  the  surface  fluctuations  from  the 
channel  have  been  examined. 

In  addition  to  work  related  to  RF  dispersion,  the  general  processing  of  GaN  electronics 
has  been  examined  with  the  goal  of  increased  reproducibility  and  flexibility  in  mind,  and 
the  development  of  a  semi-insulating  (SI)  GaN  buffer  for  reduced  leakage  has  been 
pursued. 
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2.1.  RF  Dispersion:  Temperature  Dependence 

It  is  well  known  that  unpassivated  GaN  HEMTs  suffer  from  RF  dispersion,  leading  to 
reduced  power  at  high  frequencies.  This  is  clearly  shown  in  Figure  15.  This  observed 
RF  dispersion  is  a  result  of  surface  potential  fluctuations  that  cannot  keep  pace  with  the 
applied  gate  signal  (Figure  16). 


Figure  15  Plots  of  FET  characteristics  as  a  function  of  gate-pulse  width  and  the  relative  drain 

current  as  a  function  of  gate-pulse  width. 


There  are  three  possible  sources  of  the  RF  dispersion: 


1  Single  energy  level  trap: 

•  Around  1.5  eV  (Fermi  level  pinning  position) 

•  Too  deep  to  show  this  pulse  width  dependent  current 

2  A  range  of  different  energy  levels  of  traps: 

•  Experiments  showed  most  of  the  current  can  be  recovered  by  ~80  ps 
pulse 

•  Centroid  should  be  around  1.5  eV 

•  Too  deep  to  achieve  this  pulse  width  dependent  current 

3  A  range  of  traps  various  distances  from  the  gate 

•  RC  Network 

•  Different  time  response 
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Figure  16  Illustration  of  RF  dispersion  arising  from  surface  potential  fluctuations. 

The  dependence  of  the  dispersion  on  gate-pulse  width  suggests  that  the  dispersion 
observed  in  GaN  HEMTs  is  a  result  of  (3)  a  range  of  traps  various  distances  from  the 
gate.  A  high  density  of  traps  would  result  in  a  mini-band  within  the  bandgap  of  the 
surface  Al^Ga^N  layer,  similar  to  LT  GaAs.  This  mini-band  would  allow  electrons  to 
travel  laterally  by  means  of  hopping  conduction.  The  resulting  lateral  conduction  and 
natural  capacitance  of  the  HEMT  structure  would  result  in  a  distributed  RC  network,  with 
traps  located  closer  to  the  gate  having  a  shorter  response  time  (Figure  17). 
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Figure  17  Illustration  of  the  trap  mini-band  and  resultant  RC  network. 


Even  in  passivated  device,  with  no  dispersion  at  room  temperature,  show  dispersion  as 
temperature  decreases  (Figure  18).  The  loss  in  current  resulting  from  dispersion  is 
determined  by  the  ratio  of  the  charge  density  in  the  gate-drain  access  region  (naccess)  and 
the  charge  density  under  the  gate  (i ngate ).  Low  temperature  decreases  the  electron  hopping 
conductivity  through  the  trap  mini-band,  resulting  in  more  traps  remaining  charged  and 
less  electrons  in  the  channel  in  the  access  region  and,  therefore,  more  dispersion  at  low 
temperatures  (Figure  19). 


Figure  18  FET  characteristics  of  a  passivated  GaN  HEMT  on  sapphire  at  300  K  and  100  K  as  a 

function  of  gate-pulse  width. 
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Figure  19  Example  of  the  increased  dispersion  observed  in  the  drain  current  at  low  temperature. 

For  similar  pulse  widths,  where  the  drain  current  is  sampled  at  the  same  time  ( t„ ),  the  lower 
temperature  measurement  results  in  an  increase  of  the  observed  dispersion. 

2.2.  RF  Dispersion:  p-capped  GaN  HEMTs 

In  order  to  produce  a  more  repeatable  and  reliable  microwave  performance 
AlGaN/GaN  HEMT  (specifically  at  X-band),  the  RF-DC  dispersion  caused  by  surface 
potential  fluctuations  need  to  be  eliminated.  Therefore,  some  form  of  reliable  surface 
passivation  must  be  achieved. 

In  standard  HEMTs,  fluctuations  in  the  surface  potential  can  radically  affect  the 
charge  density  in  the  channel.  By  placing  a  p-GaN  layer  at  the  surface  of  the  device,  the 
channel  can  be  screened  from  fluctuations  in  the  surface  potential,  resulting  in  no  change 
in  channel  charge  with  surface  potential  fluctuation  (Figure  20). 

Figure  21  shows  the  material  and  device  structure  for  the  p-capped  GaN  HEMTs. 
These  devices  showed  excellent  DC  characteristics  (Figure  22).  Comparison  of  a 
p-capped  GaN  HEMT  and  a  standard  HEMT  shows  that  the  p-capped  HEMT  removes 
dispersion  with  gate-pulse  widths  up  to  80  ps  (Figure  23).  Shorter  gate-pulse  widths 
show  some  dispersion,  but  with  greatly  reduced  effects. 


Figure  20  Band  diagram  of  a  standard  HEMT  and  p-GaN  capped  HEMT.  The  standard  HEMT  sees 
a  decrease  in  channel  charge  of  20  %  for  a  2  V  increase  in  surface  potential.  For  the  same  change  in 
surface  potential,  the  p-GaN  capped  sample  sees  no  change  in  charge  density. 
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(unn/v) 


Figure  21  Material  and  device  structure  of  the  p-capped  GaN  HEMT  (//  =  1475  cm  /Vsec, 
nsh  =  1.35  x  1013  cm'2).  6  is  approximately  0.1  |tm. 


Figure  22  FET  characteristic  and  gm  vs.  VGS  plot  for  a  p-capped  GaN  HEMT  (Ids, max  =  1  niA/mm, 

VP  =  -5  V,  gm,max  =  205  mS/mm,  VBD  =  50  V). 
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Figure  23  Comparison  of  a  standard  HEMT  and  a  p-capped  GaN  HEMT  vs  gate-pulse  width.  The  p- 

capped  HEMT  shows  far  less  dispersion. 

Small  signal  and  power  measurements  are  shown  in  Figure  24. 


Figure  24  Small  signal  and  power  measurements  for  a  p-capped  GaN 
HEMT  {fr=  20  GHz ,fmax  =  38  GHz;  Pout,max  =  3  W/mm,  PAE  =  40  %  at 
VDS  -  20  V,  IDs  =  150  A/mm,  and  4.2  GHz). 
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2.3.  Processing:  Digital  Gate  Recess  Etching 

Due  to  GaN’s  (and  its  related  materials)  chemical  robustness,  wet  chemical  etching  for 
gate  recessing  in  HEMT  structures  is  effectively  impossible.  Also,  achieving  a  high 
quality  (i.e.,  smooth),  reproducible  etch  using  dry  chemistries  has  also  proven  difficult 
due  to  the  lack  of  chemical  reactivity  and  high  physical  nature  of  these  etches  (Figure  25, 
Figure  26,  Figure  27). 
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Figure  25  AFM  scans  of  GaN,  before  and  after  a  Cl2  RIE  ( Power  =  15  W,  pressure  =  15  mTorr, 

Cl  2  flow  =  15  seem,  time  =  200  sec). 
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Figure  27  Plot  of  etch  depth  vs  etch  time  showing  poor  linearity  of  the  CI2  RIE. 

For  these  reasons,  achieving  a  reproducible,  high  quality  gate-recess  technology  for 
GaN  HEMTs  using  conventional  processing  has  proven  to  be  impossible.  Therefore,  an 
alternative  method  to  producing  a  reliable,  highly  reproducible  gate-recess  has  been 
pursued.  The  process  of  digital  etching  GaN  offers  this  alternative. 

A  comparison  of  conventional  etching  and  digital  etching  is  shown  in  Figure  28. 
Experimental  results  from  the  digital  etching  of  GaN  HEMTs  shows  that  this  method 


results  in  a  highly  reproducible,  high  quality  (i.e.,  low  damage)  gate  recess  process  with 
no  selectivity  between  AlGaN  and  GaN  (Figure  29,  Figure  30,  Figure  31). 

Conventional  Etching  Digital  Etching 


Repeat 


Figure  28  Illustration  of  the  comparison  between  conventional  etching  and  digital  etching. 
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Figure  29  Plot  of  etch  depth  vs  etch  cycles.  The  digital  etch  is  very  linear. 
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Figure  30  AFM  scans  of  GaN,  before  and  after  a  digital  etch  series.  The  surface  remains  as  smooth 

as  compared  to  the  as  grown  surface. 
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Figure  31  Plot  of  AlGaN  etch  depth  vs  GaN  etch  depth.  The  digital  etch  is  highly  reproducible. 
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2.4.  Processing:  High  Temperature,  High  Pressure  Thermal  Processing 

Conventional  GaN  processing  currently  uses  thermal  processes  chiefly  to  improve 
ohmic  contacts  and  to  activate  Mg  acceptors  in  p-type  GaN.  Temperatures  for  these 
processes  (<  1000  °C)  are  commonly  limited  by  desorption  at  the  surface.  Thermal 
processes  at  much  higher  temperatures  (~  1500  °C  +)  could  possibly  allow  for  the 
development  of  emerging  implant  and  defect  reduction  technologies,  as  well  as  simply 
extending  conventional  thermal  processes.  In  order  to  maintain  crystal  quality  and 
surface  stability  at  these  high  temperatures,  increased  operating  pressures  are  required. 

Preliminary  results  with  a  new  high  pressure,  high  temperature  annealing  station  (RF 
inductive  heating:  1500  °C+,  1500  psi  capable  with  NH3,  H2,  and/or  N2  ambient 
available)  are  promising.  GaN  samples  (capped  with  AIN)  annealed  at  over  1200  °C  at 
1500  psi  N2  for  45  seconds  show  improved  material  characteristics  (Figure  32). 


Figure  32  Cross-sectional  SEM  of  an  AIN  capped  GaN  sample  annealed  at  over  1200  °C  at  1500  psi 
N2  for  45  seconds,  and  the  corresponding  x-ray  results. 


Part  2  Radiation  Study 


To  do  an  extensive  investigation  of  the  radiation  response  of  the  GaAs  and  GaN-based 
electronic  devices,  the  various  radiations,  the  y-ray  and  proton,  were  used. 

Charge  trapping  centers  in  the  GaN  prior  to  the  radiation  were  studied  as  well  as  their 
change  after  low  dose  of  the  radiation.  The  properties  of  the  Schottky  diode  on  n-type 
GaN,  including  barrier  height,  I-V  characteristics  and  the  effect  of  the  annealing,  before 
and  after  60Co  y-ray  radiation  were  investigated  in  detail.  The  results  indicated  that  - 
irradiation  induced  an  increase  in  the  effective  Schottky  barrier  height  extracted  from  C- 
V  measurements.  Increasing  radiation  dose  was  found  to  degrade  the  reverse  leakage 
current,  whereas  its  effect  on  the  forward  I-V  characteristics  was  negligible.  Low 
temperature  post-irradiation  annealing  after  a  cumulative  irradiation  dose  of  21  Mrad(Si) 
was  found  to  restore  the  reverse  I-V  characteristics  to  pre-irradiation  levels.  Some 
radiation-induced  defect  centers  were  found.  The  results  indicated  that  epitaxial  GaN  has 
an  intrinsically  low  susceptibility  to  radiation-induced  material  degradation.  However, 
radiation  hardness  of  GaN  devices  is  more  likely  to  be  limited  by  susceptibility  of  the 
metal-GaN  interface  to  radiation-induced  damage  and  by  the  deleterious  effect  of  a  high 
density  dislocations. 

The  effects  of  y-ray  and  proton  radiation  to  the  DC  performance  of  the  AlGaN/GaN 
HEMTs  were  also  investigated.  The  change  of  the  drain  current  as  a  function  of  proton 
energies  indicated  that  the  degradation  is  very  little  when  the  proton  energy  is  larger  than 
15MeV.  The  degradation  of  the  drain  current  is  also  limited  with  the  relatively  low  dose 
of  low  energy  proton  radiation.  AlGaN/GaN  HEMTS  appear  to  be  excellent  candidates 
for  use  in  space  systems.  At  the  proton  energies  encountered  in  actual  systems,  the 
amount  of  degradation  at  typical  mission  fluences  should  be  negligible  for  these  kinds  of 
devices. 

The  AlGaAs/GaAs  HBT  was  also  checked  by  the  proton  radiation.  Significant 
gradation  was  found  the  proton  energy  is  low  while  relatively  little  degradation  due  to 
high  energy  protons. 
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3.  GaN  buffer  and  GaN-based  diodes 

3.1.  Charge  trapping  centers  in  GaN  grown  by  MOCVD 

Deep-level  transient  capacitance  measurements  (DLTS)  were  performed  on  Schottky 
diodes  fabricated  on  undoped  MOCVD-grown  GaN  epitaxial  layers  before  and  after 
exposure  to  different  doses  of  60Co  gamma-irradiation.  The  DLTS  measurements  were 
performed  from  77  to  300  K,  and  the  samples  exposed  to  accumulated  doses  of  200,  500 
and  1000  krad(Si).  Three  deep-levels  were  found  in  the  sample  prior  to  irradiation  with 
thermal  activation  energies  of  241  ±  5,  294  ±  32  and  575  ±  2  meV.  Our  measurements 
indicate  that  for  low  doses  (<=  lMrad(Si))  no  new  traps  have  been  induced,  and  that  the 
traps  present  in  the  unirradiated  material  do  not  experience  any  significant  change  in  their 
characteristics. 

The  detail  investigation  can  be  found  in  Appendix  A. 
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3.2.  60Co  gamma  irradiation  effects  on  n-GaN  Schottky  diodes 

The  effect  of  y-ray  exposure  on  the  electrical  characteristics  of  Ni/n-GaN  Schottky 
barrier  diodes  has  been  investigated  using  current-voltage  (I-V),  capacitance-voltage  (C- 
V),  and  deep-level  transient  spectroscopy  (DLTS)  measurements.  The  results  indicate 
that  y-irradiation  induces  an  increase  in  the  effective  Schottky  barrier  height  extracted 
from  C-V  measurements.  Increasing  radiation  dose  was  found  to  degrade  the  reverse 
leakage  current,  whereas  its  effect  on  the  forward  I-V  characteristics  was  negligible.  Low 
temperature  (<=50°C)  post-irradiation  annealing  after  a  cumulative  irradiation  dose  of  21 
Mrad(Si)  was  found  to  restore  the  reverse  I-V  characteristics  to  pre-irradiation  levels 
without  significantly  affecting  the  radiation-induced  changes  in  C-V  and  forward  I-V 
characteristics.  Three  shallow  radiation-induced  defect  centers  with  thermal  activation 
energies  of  88  104  and  144  meV  were  detected  by  DLTS  with  a  combined  production 
rate  of  2.12xl0'3  cm'1.  These  centers  are  likely  to  be  related  to  nitrogen-vacancies.  The 
effect  of  high-energy  radiation  exposure  on  device  characteristics  is  discussed  taking  into 
account  possible  contact  inhomogeneities  arising  from  dislocations  and  interfacial 
defects.  The  DLTS  results  indicate  that  GaN  has  an  intrinsically  low  susceptibility  to 
radiation-induced  material  degradation,  yet  the  effects  observed  in  the  Schottky  diode  I-V 
and  C-V  characteristics  indicate  that  the  total-dose  radiation  hardness  of  GaN  devices 
may  be  limited  by  susceptibility  of  the  metal-GaN  interface  to  radiation-induced  damage. 

The  detail  investigation  can  be  found  in  Appendix  B. 
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3.3.  Annealing  behavior  of  radiation-induced  damage  in  n-GaN  Schottky  diodes 

The  effect  of  isochronal  thermal  annealing  on  60Co  gamma-irradiated  Ni/n-GaN 
Schottky  barrier  diodes,  which  had  previously  been  exposed  to  21  Mrad(Si)  total  dose, 
has  been  investigated  using  capacitance-voltage  (C-V)  and  current-voltage  (I-V) 
measurements,  whereas  capacitance  deep-level  transient  spectroscopy  (DLTS)  has  been 
employed  to  monitor  the  evolution  and  annihilation  of  radiation-induced  defects  during 

thermal  annealing.  While  a  relatively  low  temperature  anneal  at  50°C  has  been  shown  to 
restore  the  reverse  bias  I-V  characteristics  to  pre-irradiation  levels  without  any 
significant  effect  on  the  C-V  and  forward  I-V  characteristics,  subsequent  thermal 

annealing  up  to  160°C  is  shown  to  further  improve  device  characteristics.  However, 
annealing  above  250°C  is  found  to  degrade  both  forward  and  reverse  I-V  characteristics 
and  induce  a  reduction  in  the  free  carrier  concentration  obtained  from  C-V 
characteristics.  Detailed  analysis  of  the  forward  current  and  C-V  characteristics  indicate 

that  the  apparent  reduction  in  Schottky  barrier  height  after  annealing  above  250°C,  is 
associated  with  dislocation-related  to  annealing  effects.  Annealing  at  temperatures  above 
250°C  were  found  to  result  in  the  annihilation  of  radiation-induced  defects,  as  evidenced 
by  DLTS  measurements.  From  the  detailed  analysis  of  the  radiation-induced  defect 
concentrations,  the  dominant  annealing  process  is  characterized  by  an  activation  energy 
in  the  range  of  1.77  eV  to  1.92  eV.  The  physical  origin  of  radiation-induced  defects,  and 
of  defects  involved  in  their  annihilation  process,  is  discussed  in  the  perspective  of  recent 
theoretical  calculations  of  native  defect  diffusion  mechanisms  in  GaN. 

The  detail  investigation  can  be  found  in  Appendix  C. 
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4.  GaN-based  HEMTs 


4.1.  Magnetoresistance  characteristics  of  gamma-irradiated  AIGaN/GaN  HEMTs 

The  effect  of  60Co  gamma-irradiation  on  the  device  characteristics  of  Alo.35Gao.65N- 
GaN  heterojunction  field  effect  transistors  (HFET)  has  been  investigated  using  DC  and 
geometrical  magnetoresistance  measurements.  Cumulative  gamma-ray  doses  up  to  20 
Mrad(Si)  are  shown  to  induce  drain  current  degradation,  negative  threshold  voltage  shifts 
and  reverse  gate  leakage  current  degradation.  Analysis  of  drain  magneto-conductance 
characteristics  measured  at  80  K  indicated  an  increase  in  two-dimensional  electron  gas 
(2DEG)  sheet  concentration  with  accumulated  radiation  dose.  More  importantly,  the 
2DEG  mobility-concentration  characteristics  are  noted  to  remain  approximately  constant 
for  total  gamma-radiation  doses  up  to  20  Mrad(Si),  indicating  that  the  areal  density  of 
radiation-induced  defects  at  the  heterointerface  is  likely  to  be  negligible.  The  threshold 
voltage  shifts  are  therefore  attributable  to  the  introduction  of  relatively  shallow  radiation- 
induced  defects  in  the  AlGaN  barrier  region  and/or  to  defects  introduced  at  the  gate- 
barrier  interface.  Although  the  drain  conductance  characteristics  manifested  similar 
degradation  trends  at  80  and  300  K,  the  2DEG  parameters  obtained  at  300  K  exhibited 
significant  scatter  with  increasing  dose,  possibly  a  manifestation  of  device  instabilities 
induced  by  radiation-induced  surface  defects  in  the  ungated  access  region  near  the  edge 
of  the  gate.  Device  failure  due  to  severe  gate  leakage  and  loss  of  gate  control  over  the 
2DEG  charge,  occurred  after  a  total  dose  of  30  Mrad(Si). 

The  detail  investigation  can  be  found  in  Appendix  D. 


29 


4.2.  The  energy  dependence  of  proton-induced  degradation  in  AIGaN/GaN  HEMTs 

The  effects  of  proton  irradiation  at  various  energies  are  reported  for  AIGaN/GaN  high 
electron  mobility  transistors  (HEMTs).  The  devices  exhibit  little  degradation  when 
irradiated  with  15-,  40-,  and  105-MeV  protons  at  fluences  up  to  1013  cm 2,  and  the 
damage  completely  recovers  after  annealing  at  room  temperature.  For  1.8-MeV  proton 
irradiation,  the  drain  saturation  current  decreases  10.6%  and  the  maximum 
transconductance  decreases  6.1%  at  a  fluence  of  1012  cm2.  The  greater  degradation 
measured  at  the  lowest  proton  energy  considered  here  is  caused  by  the  much  larger 
nonionizing  energy  loss  of  the  1.8-MeV  protons. 

The  detail  investigation  can  be  found  in  Appendix  E. 
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4.3.  Characterization  of  Proton-Irradiated  AIGaN/GaN  HEMTs  by  DLTS 


Spatially  resolved  cathodoluminescence  spectroscopy  studies  of  AIGaN/GaN 
MODFET  and  MBE-grown  layered  HFET  transistor  structures  reveal  spectral  differences 
corresponding  to  spatially  localized  changes  in  electronic  properties  after  1.8-MeV 
proton  irradiation.  These  changes  indicate  a  reduction  in  internal  electric-field  strength 
within  the  AlGaN  layers  and  the  formation  of  charged  defects.  These  localized  electronic 
changes  and  the  associated  reduction  in  charge  density  induced  at  the  AIGaN/GaN  2DEG 
interface  channel  can  account  for  the  decreases  in  MODFET  saturation  current,  drain 
current,  and  transconductance  observed  electrically. 

The  detail  investigation  can  be  found  in  Appendix  F. 
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4.4.  Proton-irradiation  effects  on  AIGaN/AIN/GaN  HEMTs 

The  degradation  of  AIGaN/AIN/GaN  high  electron  mobility  transistors  due  to  1.8- 
MeV  proton  irradiation  was  measured  at  fluences  up  to  3xl015  cm  2.  The  devices  have 
much  higher  mobility  than  AlGaN/GaN  devices,  but  they  possess  similarly  high  radiation 
tolerance,  exhibiting  little  degradation  at  fluences  up  to  lxlO14  cm"2.  Decreased  sheet 
carrier  mobility  due  to  increased  carrier  scattering  and  decreased  sheet  carrier  density  due 
to  carrier  removal  are  the  primary  damage  mechanisms.  The  device  degradation  is 
observed  as  a  decrease  in  the  maximum  transconductance,  an  increase  in  the  threshold 
voltage,  and  a  decrease  in  the  drain  saturation  current. 

The  detail  investigation  can  be  found  in  Appendix  G. 
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5.  GaAs-based  HBTs 


5.1.  Proton-Induced  Degradation  in  AIGaAs/GaAs  HBTs 

GaAs  HBTs  were  irradiated  with  protons  at  energies  of  1.8  MeV  and  105  MeV  and  at 
fluences  ranging  from  3xlOncm'2  to  3xl013  cm'2.  For  1.8-MeV  proton  irradiation,  the 
increase  of  the  base  current  and  the  large  decrease  of  collector  current  both  contribute  to 
the  degradation  of  the  device.  The  increase  of  the  base  current  is  due  to  displacement 
damage-induced  traps,  which  decrease  the  minority  carrier  lifetime.  However,  the 
collector  current  decrease  appears  to  be  mainly  due  to  degradation  of  the  emitter-base 
diode,  which  decreases  the  electron  injection  efficiency.  Although  these  HBT  devices 
show  significant  degradation  for  1.8-MeV  proton  irradiation,  they  are  good  candidates  for 
applications  in  space  systems  because  they  exhibit  relatively  little  degradation  due  to 
high-energy  (105  MeV)  protons,  which  are  much  more  representative  of  space  than  are 
1.8-MeV  protons. 

The  detail  investigation  can  be  found  in  Appendix  H. 
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Appendix  A 


Charge  trapping  centers  in  GaN  grown  by  MOCVD 
with  relatively  low  dose  of  gamma  irradiation 


Charge  trapping  centres  in  y-irradiated  Gallium  Nitride  grown  by  MOCVD 
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Abstract-  Deep-level  transient  capacitance  measurements  (DLTS)  were  performed  on 
Schottky  diodes  fabricated  on  undoped  MOCVD-grown  GaN  epilayers  before  and  after 
exposure  to  different  doses  of  ®Co  gamma-irradiation.  The  DLTS  measurements  were 
performed  from  77  to  300  K,  and  the  samples  exposed  to  accumulated  doses  of  200, 500  and 
1000  krad(Si).  Three  deep-levels  were  found  in  the  sample  prior  to  irradiation  with  thermal 
activation  energies  of  241  ±  5,  294  ±  32  and  575  ±  2  meV.  Our  measurements  indicate  that 
for  low  doses  (£  lMrad(Si))  no  new  traps  have  been  induced,  and  that  the  traps  present  in 
the  unirradiated  material  do  not  experience  any  significant  change  in  their  characteristics. 
In  contrast,  a  recent  report  on  wCo  y-irradiated  magnetron-sputtered  GaN  indicates  an 
increase  in  the  concentrations  of  deep-levels  with  thermal  activation  energies  of  590  and  820 
meV  for  accumulated  doses  of  1  Mrad  and  above  [4], 

A.  Introduction 

Hl-nitride  semiconductors  are  currently  of  great  interest  due  to  their  unique  optical  and 
electronic  properties.  Epitaxial  growth  breakthroughs  have  made  possible  the  commercial  success 
of  GaN-based  light-emitting  diodes,  lasers  and  UV  detectors,  and  the  development  of  ultraviolet 
detectors  and  heterostructure  field-effect  transistors.  Moreover,  the  low  thermal  generation  rates 
and  high  breakdown  fields  of  the  El-nitride  alloys  make  diem  attractive  for  the  development  of 
radiation-hard  electronic  devices  capable  of  operating  at  high  temperatures  and  high 
power/voltage  [1], 

It  is  of  great  interest  to  determine  the  susceptibility  of  GaN  to  ionising  radiation  because 
of  it  inherent  implications  to  device  reliability.  This  is  particularly  important  for  space  electronics 
and  ionising  radiation  environments.  Radiation-induced  defects  may  significantly  affect  the 
electrical  and  optical  properties  of  semiconductor  materials,  and  may  provide  important 
indicators  to  the  nature  of  radiation  induced  and  intrinsic  defects.  It  is  therefore  essential  to  study 
the  effect  of  different  radiation  sources  on  Ill-nitride  materials,  and  determine  their  effect  in 
producing  new  defects  or  increasing  the  concentration  of  defects  present  in  un-irradiated  material. 

For  MOCVD-grown  GaN  epilayers,  electron  irradiation  appears  to  introduce  two  donor¬ 
like  centres  with  thermal  activation  energies  of  60  and  110  meV.  The  latter  has  a  thermally 
activated  capture  barrier  of  55  meV.  The  60  meV  trap  has  been  attributed  to  the  nitrogen  vacancy 
(VN),  whereas  the  1 10  meV  is  thought  to  arise  from  a  more  complex  defect,  but  also  related  to  Vn 
[2],  Goodman  et  al.  found  that  irradiation  with  He-ions  introduced  three  different  levels  with 
thermal  activation  energies  of  200,  780  and  950  meV,  whereas  irradiation  with  high-energy 
protons  introduced  levels  at  130, 160  and  200  meV  [3].  A  recent  work  on  MCo  y-irradiated  radio¬ 
frequency  magnetron-sputtered  (RFMS)  GaN  epilayers  indicate  an  increase  in  the  concentrations 
of  deep-levels  with  thermal  activation  energies  of  590  and  820  meV  for  accumulated  doses  of  1 
Mrad  and  above  (4]. 

In  this  work,  we  present  a  study  of  capacitance  deep-level  transient  spectroscopy 
(DLTS)  measurements  of  n-type  MOCVD-grown  GaN  Schottky  diodes  exposed  to  “Co  y- 
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radiation.  The  diodes  were  exposed  to  total  doses  ranging  from  200  to  1000  krad(Si)  at  room 
temperature.  The  irradiated  devices  were  characterised  using  transient  capacitance  measurements 
from  77  to  300  K.  Our  measurements  indicate  that  for  these  radiation  doses  no  detectable  new 
traps  have  been  induced,  and  that  the  traps  present  in  the  unirradiated  material  do  not  experience 
any  significant  change  in  their  characteristics.  This  is  in  contrast  to  the  results  of  Wang  et  al  on 
RFMS  deposited  GaN  [4]. 

B.  Experimental  Details 

Schottky  barrier  diodes  were  fabricated  on  2  |im  thick  n-type  nominally  undoped  GaN 
epilayers  grown  by  MOCVD  on  sapphire  substrates  at  the  University  of  California  Santa  Barbara 
(USA).  Prior  to  contact  fabrication,  the  samples  were  degreased  by  boiling  in  trichloroethylene, 
acetone  and  methanol  followed  by  rinsing  in  de-ionised  water.  The  samples  were  then  dipped  in 
buffered  HF  and  rinsed  in  de-ionised  water.  Large-area  ohmic  contacts  were  patterned  using 
standard  lift-off  techniques  and  formed  by  depositing  Al/Cr/Au.  The  contacts  were  then  annealed 
in  nitrogen  atmosphere  at  800  °C  for  60  seconds,  yielding  a  contact  resistance  of  6xl0"4O-cm 
from  circular  transmission  line  patterns.  After  patterning  and  dipping  in  buffered  HF,  coplanar 
circular  geometry  Ni/Au  Schottky  contacts  were  deposited  with  radii  of  300  and  200  Jim.  All 
metals  were  thermally  evaporated  at  pressures  better  than  8xl0"7  mbar.  Room  temperature 
capacitance- voltage  (C-V)  measurements  indicate  a  Schottky  barrier  height  of  1.08  ±  0.05  eV  and 
a  uniform  n-type  carrier  density  of  3.2xl016  cm"3. 

Transient  capacitance  measurements  were  performed  using  a  HP  4280A  1  MHz  C-V 
meter  with  a  30  mV^  AC  signal,  a  HP  3245A  source  for  the  quiescent  reverse  bias  and  a  HP 
8116A  pulse  generator.  The  measurements  were  performed  from  77  to  300  K,  with  the 
temperature  stabilised  for  at  least  15  minutes  at  each  temperature  point  to  achieve  stability  better 
than  ±0.1  K.  The  frill  capacitance  transients  were  recorded  with  sampling  intervals  ranging  from 
50  ms  to  1  s,  up  to  a  maximum  of  200  seconds  total  transient  time.  Averaging  was  used  to 
improve  signal  to  noise  ratio.  The  measurements  were  performed  at  quiescent  reverse  bias  of 
Vr  =  2  V  with  10  ms  and  filling  pulses  of  Vp  =  0  V.  Under  these  conditions,  the  AC  series 
resistance  was  less  than  150  Q,  while  the  AC  parallel  conductance  was  less  than  20  pS,  for  all 
temperatures. 

The  samples  were  irradiated  at  room  temperature  in  a  ^Co  AECL  Gammacell  220 
irradiator,  yielding  a  dose  rate  of  2  krad(Si)/min.  The  sample  was  exposed  to  accumulated  total 
doses  of  200,  500  and  1000  krad(Si),  while  maintained  in  a  nitrogen  atmosphere.  After  each 
irradiation  exposure,  the  samples  were  loaded  in  a  cryostat  and  held  at  room  temperature  for  3 
hours  prior  to  sample  cooling.  The  full  capacitance  transients  were  simultaneously  fitted  as  a 
function  of  temperature  using  a  Levenberg-Marquardt  least  squares  routine  based  on  a  discrete 
trap  model.  This  procedure  avoids  the  uncertainties  and  errors  associated  with  the  estimation  of 
trap  parameters  from  Arrhenius  plots  and  allows  and  accurate  analysis  of  traps  with  overlapping 
transients  [2], 

C.  Experimental  Results  and  Discussion 

The  trap  parameters  of  all  traps  prior  and  after  irradiation  are  presented  in  Table  I.  A 
simulated  DLTS  spectrum  from  the  full  transient  data  is  shown  in  Fig.  1.  Three  different  traps 
were  detectable  in  the  77  to  300K’  temperature  range,  with  no  significant  change  in  either 
apparent  thermal  activation  energy,  capture  cross-section  or  trap  concentration.  As  indicated  by 
the  relatively  low  concentration  of  traps  prior  to  irradiation,  the  sample  is  suitable  for  studying 
the  effects  of  ionising  radiation.  Of  the  trapping  centres  detected,  the  dominant  trap  with  a 
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Fig.  1.  DLTS  spectrum  obtained  from  full  transient  measurements  as  a  function  of  y-radiation  dose. 

There  is  no  significant  change  in  trap  parameters  of  trap  concentrations 

thermal  activation  energy  of  about  580  meV,  labelled  T3,  is  present  with  a  concentration 
corresponding  to  about  of  1.6%  of  the  free  carrier  concentration.  The  parameters  for  this  defect 
are  in  agreement  with  those  reported  for  580  meV  trap  reported  by  Hacke  et  al.  and  the  598  meV 
level  reported  by  Haase  et  al  [5,6].  This  trap  has  been  consistently  detected  in  GaN  epilayers 
grown  by  HVPE,  MOCVD,  MBE  and  magnetron  sputtering.  The  trap  labelled  T2  has  an 
activation  energy  of  about  240  meV,  and  corresponds  to  a  intrinsic  defect  present  in  GaN  grown 
by  different  techniques,  and  observed  at  270  meV  by  Goodman  et  al.,  264  meV  by  Hacke  et  al. 
and  250  meV  by  Gotz  et  al.  [3,5,7].  Although  the  origin  of  these  traps  is  yet  to  be  determined, 
Haase  et  al.  have  suggested  that  the  dominant  trap  at  about  600  meV  is  related  to  nitrogen  antisite 
based  on  their  study  of  nitrogen-implanted  GaN. 

The  very  low  concentration  level  labelled  T2  has  a  relatively  small  apparent  capture 
cross-section  and  thermal  activation  energy  of  292  meV  is  also  present.  Its  presence  is  not 
detectable  for  filling  pulses  less  than  5  ms,  in  agreement  with  the  extracted  small  capture  cross- 
section.  Since  the  signal  from  this  level,  even  with  a  10ms  filling  pulse  is  near  the  resolution  edge 
of  our  system,  the  extracted  trap  parameters  should  be  regarded  as  estimates  only.  As  can  be  seen 
in  Fig.  1  and  Table  I,  there  is  no  significant  change  in  trap  concentrations.  Although  there  is  an 
apparent  small  decrease  in  the  concentration  of  trap  T2,  we  regard  this  change  as  negligible  as  it 
lies  within  the  calculated  experimental  and  model  fit  error  bars.  However,  our  observations  for 
trap  T3  are  in  disagreement  with  the  observations  of  Wang  et  al.  in  y-irradiated  magnetron- 
sputtered  GaN[4].  Wang  et  al  report  a  significant  increase  in  the  concentration  of  the  level  at  590 
±  20  meV  for  doses  of,  and  above,  IMrad.  In  order  to  explain  the  behaviour  of  this  defect,  and 
based  on  the  report  of  Huang  et  al.  [9],  they  attribute  the  origin  of  this  defect  to  a  Vn  related 
defect.  This  assumption  contradicts  the  findings  of  Haase  et  al.  and  the  absence  of  any  significant 
changes  in  the  concentration  of  this  level  with  exposure  other  sources  of  ionising  radiation[2,3,8]. 
However,  due  to  die  difference  growth  process,  its  is  difficult  to  establish  an  adequate 
comparison.  This  difference,  however,  may  be  correlated  to  aspects  unique  to  RFMS  deposited 
GaN  technology,  not  present  in  MOCVD-grown  epilayers.  Furthermore,  the  apparent 
contradiction  between  our  results  and  those  of  Wang  et  al.  could  indicate  that  susceptibility  to 
ionising  radiation  is  correlated  to  GaN  thin  films  growth  technology.  Further  irradiations  are 
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Table  I.  Extracted  defect  level  parameters  as  a  function  of  ^Co  y-irradiation  dose, 


Trap  T1 

Dose  krad(Si) 

Nt  (xlO13  cm'3) 

Ea  (meV) 

<T®  (x!0‘  6cnr) 

0 

3.4  ±0.1 

24115 

2.510.3 

3.4  ±0.1 

244  1  2 

3.010.2 

3.4  ±0.1 

238  ±3 

1.710.8 

1000 

3.4  ±0.1 

238  ±3 

1.7  ±1.0 

Trap  T2 

Dose  krad(Si) 

mmsammsmm 

Ea( meV) 

<Toe(xl0'  8cm2) 

0 

1.18  ±0.2 

294 ±  32 

6.010.3 

200 

289  ±  35 

5.810.1 

500 

295  ±  26 

5.6  1 0.4 

1000 

0.89  ±0.1 

277  ±  35 

4.611.0 

f  Trap  T3 

Dose  krad(Si) 

Ea( meV) 

or*,  (xl  O'  cm  ) 

0 

5.6  ±0.2 

575  ±2 

1.110.1 

200 

577  ±2 

1.210.1 

500 

5.6  ±0.1 

583  ±3 

1.410.1 

1000 

5.510.1 

578  ±2 

|  1.210.1 

currently  being  undertaken  to  determine  the  y-radiation  damage  threshold  of  MOCVD-grown 
epilayers. 

D.  Conclusions 

We  have  presented  deep-level  transient  spectroscopy  results  of  MOCVD-grown  GaN 
epilayers  exposed  to  relatively  low  doses  of  y-radiation  from  a  ^Co  source.  The  measurements  were 
performed  from  77  to  300  K,  after  the  sample  was  a  sample  exposed  to  accumulated  doses  of  200, 
500  and  1000  krad(Si).  Three  deep-levels  were  found  to  be  present  in  low  concentrations  in  the 
sample  prior  to  irradiation  with  activation  energies  of  241  ±  5,  294  +  32  and  575  ±  2  meV.  No 
significant  changes  were  observed  in  trap  parameters  or  concentrations  up  to  doses  of  lMrad(Si). 
Although  the  parameters  of  the  traps  detected  are  in  agreement  with  those  observed  by  others,  our 
results  are  in  apparent  disagreement  with  a  recent  report  of  y-irradiation  effects  indicating  an  increase 
in  trap  concentration  for  a  level  at  590  meV  level  in  RFMS  deposited  GaN  thin  films.  This  difference, 
however,  could  be  related  to  aspects  unique  to  RFMS  GaN  growth  technology,  not  present  in 
MOCVD-grown  epilayers. 
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Abstract — The  effect  of  7-ray  exposure  on  the  electrical 
characteristics  of  Nickel/n-GaN  Schottky  barrier  diodes  has  been 
investigated  using  current-voltage  (7-V),  capacitance-voltage 
(C-V),  and  deep-level  transient  spectroscopy  (DLTS)  measure¬ 
ments.  The  results  indicate  that  7-irradiation  induces  an  increase 
in  the  effective  Schottky  barrier  height  extracted  from  C-V 
measurements.  Increasing  radiation  dose  was  found  to  degrade 
the  reverse  leakage  current,  whereas  its  effect  on  the  forward 
7-V  characteristics  was  negligible.  Low  temperature  (<50°) 
post-irradiation  annealing  after  a  cumulative  irradiation  dose  of 
21  Mrad(Si)  was  found  to  restore  the  reverse  I-V  characteristics 
to  pre-irradiation  levels  without  significantly  affecting  the  radi¬ 
ation-induced  changes  in  C-V  and  forward  I-V  characteristics. 
Three  shallow  radiation-induced  defect  centers  with  thermal 
activation  energies  of  88  104  and  144  meV  were  detected  by  DLTS 
with  a  combined  production  rate  of  2.12  x  10“3  cm-1.  These 
centers  are  likely  to  be  related  to  nitrogen-vacancies.  The  effect 
of  high-energy  radiation  exposure  on  device  characteristics  is 
discussed  taking  into  account  possible  contact  inhomogeneities 
arising  from  dislocations  and  interfacial  defects.  The  DLTS 
results  indicate  that  GaN  has  an  intrinsically  low  susceptibility  to 
radiation-induced  material  degradation,  yet  the  effects  observed 
in  the  Schottky  diode  I-V  and  C-V  characteristics  indicate  that 
the  total-dose  radiation  hardness  of  GaN  devices  may  be  limited 
by  susceptibility  of  the  metal-GaN  interface  to  radiation-induced 
damage. 

Index  Terms — Gallium  compounds,  gamma-ray  effects, 
Schottky  barriers,  Schottky  diodes,  semiconductor  defects, 
semiconductor  device  radiation  effects,  semiconductor  diodes, 
semiconductor-metal  interfaces. 


I  Introduction 

THE  ni-NITRIDE  wide-bandgap  semiconductors  continue 
to  attract  considerable  research  effort  due  to  their  unique 
electronic  and  optical  properties.  Low  thermal  carrier  genera¬ 
tion  rates  and  large  breakdown  fields  make  them  attractive  for 
the  development  of  electronic  devices  capable  of  reliable  op¬ 
eration  under  extreme  conditions,  such  as  high  power/voltage 
levels,  high  temperatures,  and  in  radiation  harsh  environments 

m,  [2]. 

Recently,  several  groups  have  investigated  the  effect  of  high- 
energy  radiation  on  the  material  properties  of  GaN  [3]— [18].  In 
many  of  these  studies,  exposure  to  energetic  radiation  has  been 
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employed  as  a  tool  to  controllably  introduce  point  defects  and 
gain  insight  into  the  nature  of  intrinsic  defects,  such  as  vacan¬ 
cies  and  interstitials,  and  their  effect  on  optical  and  transport 
properties  [3]-[7].  Exposure  of  n-GaN  to  energetic  radiation 
has  been  found  to  degrade  electron  mobility  due  to  the  intro¬ 
duction  of  defects  that  act  as  scattering  centers,  while  the  effect 
on  carrier  concentration  has  been  noted  to  be  sensitive  to  the 
presence  of  intentional  and  unintentional  impurities  and  existing 
defects  [3],  [8].  The  charge  trapping  characteristics  of  irradia¬ 
tion  induced  defects  have  been  reported  by  several  groups  using 
deep-level  transient  spectroscopy  (DLTS)  studies.  Two  distinct 
radiation-induced  defects  have  been  consistently  reported,  with 
thermal  activation  energies  within  the  ranges  of  130-200  meV 
and  790-900  meV  [9]— [13].  There  is  increasing  evidence  that 
the  broadened  DLTS  emission  signals  exhibited  by  these  defects 
arise  from  the  convolution  of  several  emission  signals  [12]— [14]. 

However,  there  are  relatively  few  reports  on  the  effects 
of  high-energy  irradiation  on  the  electrical  characteristics  of 
GaN-based  devices,  even  though  most  reported  DLTS  studies 
of  radiation-induced  defects  have  been  realized  using  Schottky 
barrier  diodes.  An  indication  of  radiation-induced  degradation 
is  found  in  the  report  of  Fang  et  al  [19],  where  it  was  briefly 
noted  that  the  reverse  leakage  current  increased  significantly 
after  exposure  to  a  1015  cm"*2  dose  of  1  MeV  electrons.  A  more 
recent  study  indicates  that  exposure  to  a  1013  cm”2  neutron 
dose  improved  the  current-voltage  (7-V)  characteristics  of 
Au/GaN  diodes  fabricated  on  magnetron- sputtered  n-GaN;  but 
subsequent  irradiation  caused  device  and  material  degradation 
[15].  Nonradiative  recombination  centers  induced  by  exposure 
of  GaN-based  heterostructure  light  emitting  diodes  to  2  MeV 
protons  have  been  shown  to  affect  the  optical  characteristics 
more  severely  than  the  electrical  characteristics  [16],  [17]. 
Proton  irradiation  has  also  been  shown  to  affect  two-di¬ 
mensional  electron  gas  transport  in  AlGaN/GaN  field  effect 
transistor  structures  [18].  Most  of  these  studies  have  employed 
very  large  total-dose  irradiation  [>  10  Mrad(Si)],  thus  indicating 
that  GaN-based  electronic  and  optoelectronic  devices  have 
superior  radiation  hardness  compared  to  GaAs-based  devices. 

In  this  work,  we  present  results  of  a  study  on  the  effect  of  60Co 
7-ray  irradiation  on  the  electrical  characteristics  of  a  Ni/n-GaN 
Schottky  barrier  diode  exposed  to  a  maximum  cumulative  dose 
of  21  Mrad(Si).  Diode  characteristics,  before  and  after  irradi¬ 
ation,  were  investigated  using  capacitance-voltage  (C-V)  and 
7-V  measurements,  and  the  introduction  of  radiation-induced 
defects  was  monitored  using  capacitance  deep-level  transient 
spectroscopy  (DLTS).  Prior  to  irradiation,  the  Schottky  barrier 
height  extracted  from  C-V  is  found  to  be  consistent  with  that 
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obtained  from  forward  l-V,  however  the  barrier  height  extracted 
from  C-V  measurements  manifests  a  large  increase  after  expo¬ 
sure  to  1  Mrad(Si)  whereas  the  barrier  height  extracted  from  the 
forward  l-V  characteristics  remained  essentially  constant.  Sig¬ 
nificant  degradation  in  reverse  l-V  characteristics  was  evident 
after  a  total-dose  of  21  Mrad(Si).  It  was  found  that  a  low  tem¬ 
perature  (<50  °C)  post-irradiation  anneal  restored  the  reverse 
leakage  current  to  pre-irradiation  levels  without  significantly  af¬ 
fecting  the  radiation-induced  changes  in  C-V  and  forward  l-V 
characteristics.  These  effects  cannot  be  explained  using  the  con- 
vectional  Schottky  barrier  diode  models,  which  assume  an  inti¬ 
mate,  homogeneous  and  defect-free  metal-semiconductor  junc¬ 
tion,  and  are  likely  to  be  related  to  the  presence  of  dislocations  in 
the  GaN  epilayer  and  interfacial  defects  at  the  Ni/n-GaN  junc¬ 
tion.  The  analysis  of  the  DLTS  measurements  indicates  that  ex¬ 
posure  to  a  cumulative  7-ray  dose  of  21  Mrad(Si)  introduced 
three  shallow  defects  with  activation  energies  of  88, 104  and  144 
meV.  The  defect  parameters  of  three  deep-level  defects  detected 
prior  to  device  irradiation,  with  activation  energies  of  265,  355 
and  581  meV,  were  not  affected  by  the  high-energy  irradiation 
exposure. 

II.  Experimental 

Schottky-barrier  diodes  were  fabricated  on  a  2-/im-thick 
nominally  undoped  GaN  epilayer  grown  by  metal-organic 
chemical  vapor  deposition  (MOCVD)  on  a  sapphire  substrate 
at  the  University  of  California  at  Santa  Barbara.  Prior  to  ohmic 
contact  metallization,  the  wafer  was  degreased  in  organic  sol¬ 
vents  and  etched  in  hot  aqua  regia.  Large-area  ohmic  contacts 
were  patterned  using  standard  lift-off  techniques  and  formed 
by  deposition  of  Al/Cr/Au  followed  by  rapid  thermal  annealing 
in  a  N2  ambient  at  800°C  for  60  s.  The  Schottky  barrier  regions 
were  etched  in  a  buffered  hydrogen  fluoride  (HF)  solution 
prior  to  metal  deposition,  and  the  coplanar  Schottky  contacts 
of  600  /im  diameter  were  formed  by  thermal  evaporation  of 
Ni/Au.  The  separation  between  ohmic  and  Schottky  contacts 
was  30  fim  and  the  GaN  surface  between  the  contacts  was  not 
passivated. 

Exposure  to  high-energy  7-rays,  with  an  average  photon  en¬ 
ergy  of  1.25  MeV,  was  realized  in  an  AECL  Gammacell  220 
60Co  irradiator  at  an  average  dose  rate  of  2  krad(Si)/min.  The 
irradiations  were  carried  out  at  room  temperature  in  a  N2  am¬ 
bient  with  all  ohmic  and  rectifying  contacts  electrically  shorted. 
The  sample  was  exposed  to  cumulative  7-ray  doses  of  1, 2, 5, 10 
and  21  Mrad(Si).  C-V  and  l-V  measurements  were  carried  out 
at  room  temperature  under  dark  conditions  using  a  HP  4280A 
1  MHz  C-V  meter  and  a  HP  4145B  Semiconductor  Parameter 
Analyzer,  respectively.  Isothermal  DLTS  measurements  were 
performed  in  the  60-300  K  temperature  range  by  sampling  the 
capacitance  transients  resulting  from  a  10  ms  voltage  pulse  to 
Vp  =  0  V  from  a  quiescent  reverse  bias  of  Vr  =  2  V,  unless 
otherwise  stated.  To  avoid  possible  transient  short-term  post-ir¬ 
radiation  effects,  the  sample  was  held  at  room  temperature  for 
at  least  3  hours  after  irradiation  exposure  prior  to  to  performing 
any  measurements.  All  measurements  were  undertaken  within 
as  short  a  time  frame  as  practicable,  with  only  minimal  expo¬ 
sure  to  noncooled  room  temperature  conditions.  Two  low  tem- 


Fig.  1.  C"2-V  diode  characteristics  before  and  after  irradiation.  For  clarity, 
only  1  out  of  every  5  experimental  points  is  shown.  Inset:  Extracted  Schottky 
barrier  height  as  a  function  of  cumulative  7-ray  dose.  The  dashed  line  in  the 
inset  indicates  the  pre-irradiation  value. 


perature  post-irradiation  annealing  steps  were  performed  after 
21  Mrad(Si):  six  days  at  room  temperature  followed  by  a  15 
minute  anneal  at  50  °C  (both  performed  in  N2  ambient). 

El.  Results  and  Discussion 
A.  C-V  and  l-V  Characteristics 

The  analysis  of  the  C-V  characteristics  was  realized  using  the 
expression  for  the  bias  dependence  of  the  depletion  capacitance, 
C,  of  an  ideal  Schottky  barrier  diode 

C~2  =  (2 /qA2esNd)(Vd0  -  V  -  kBT/q)  (1) 
=  4%  -  ( kBT/q )  \n(Nc/Nd)  (2) 

where  A  is  the  diode  area,  V  is  the  applied  bias,  q  is  the  elec¬ 
tronic  charge,  kB  is  Boltzmann’s  constant,  T  is  the  device  tem¬ 
perature,  es  is  the  permittivity  of  GaN  (9.5eo),  V^o  is  the  built-in 
voltage,  (f>Q  is  the  flat-band  Schottky  barrier  height,  Nc  is  the 
effective  density  of  states  in  the  conduction  band  of  GaN  (2.6  x 
1018  cm-3  at  300  K)  and  Nd  is  equivalent  to  the  free  elec¬ 
tron  concentration  when  all  shallow  donor  levels  are  ionized. 
By  plotting  C~ 2  versus  V,  Nd  is  obtained  from  the  gradient 
(_2 /qA2e8Nd)  while  <j)CQ  is  obtained  from  the  extrapolated  in¬ 
tercept  with  the  V-axis  ( Vdo  —  kBT/q)  with  the  aid  of  (2). 

Prior  to  sample  irradiation,  the  C-V  measurements  revealed  a 
Schottky  barrier  height  of  <j>c^  =  1.14  ±  0.02  eV  and  a  uniform 
77,-type  carrier  concentration  of  3.3  x  1016  cm-3.  The  effect  of 
7-ray  exposure  on  the  C-V  characteristics  is  shown  in  Fig.  1, 
where  it  is  evident  that  the  intercept  of  the  C~2-V  characteris¬ 
tics  shifts  with  increasing  total  dose  toward  more  positive  volt- 
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ages  while  the  gradient  remains  constant.  The  negligible  change 
in  the  slope  of  the  C~2-V  characteristics  indicates  that  the  car¬ 
rier  concentration  remains  constant  within  ±0.03  x  1016  cm-3 
for  cumulative  radiation  doses  up  to  21  Mrad(Si).  The  lateral 
shift  in  the  C~2-V  characteristics  is  due  to  an  increase  in  V^o 
which,  according  to  (2),  results  from  an  increase  in  .  Thus, 
(j)CB  exhibited  an  increase  of  0.13±0.03  eV  after  2  Mrad(Si),  and 
0.16±0.03  eV  after  21  Mrad(Si),  as  shown  in  the  inset  of  Fig.  1. 
The  zero-bias  ac  conductance  exhibited  a  small  decrease  from  a 
pre-irradiation  level  of  68  to  62  /iS  after  1  Mrad(Si)  total-dose 
and  remained  constant  within  ±2  thereafter.  The  low  tem¬ 
perature  post-irradiation  annealing  treatment  after  21  Mrad(Si) 
had  no  significant  effect  on  the  C-V  characteristics. 

The  measured  I-V  characteristics  were  analyzed  using  the 
conventional  Schottky  barrier  thermionic  emission  theory 
model  [20] 

/  =  Is  exp(qV/nkBT)[l  -  exp(-qV/kBT)\  (3) 
Is  =  AA**T2  exp  (-4/fcBT)  (4) 

where  Ia  is  the  saturation  current,  A**  is  the  effective 
Richardson  constant,  <f>g0  is  the  effective  Schottky  barrier 
height  at  zero  bias,  and  n  is  the  ideality  factor.  An  effective 
Richardson  constant  of  A **  =  26.4  cm“2K“2(rae  =0.22)  was 
used  to  extract  <£g0,  and  the  effect  of  series  resistance  Rs  was 
included  by  replacing  V  with  V  -  I  Rs  in  (3). 

The  effective  Schottky  barrier  height,  ^0,  series  resistance, 
RSi  and  ideality  factor,  n,  extracted  from  the  pre-irradiation 
forward  I-V  characteristics  using  the  above  model  were 
1.11±0.01  eV,  48.7  ±  0.7  ft,  and  1.17±0.01,  respectively.  The 
ideality  factor  was  extracted  for  forward  current  I  >2  nA,  since 
a  larger  value  of  ideality  factor  n*  =  1.53±0.02  was  evident 
for  forward  currents  below  2  nA.  Nevertheless,  the  diode 
exhibited  excellent  rectification  characteristics  with  a  relatively 
low  leakage  current  density  of  0.1  //A/cm2  at  a  reverse  bias  of 
Vr  =5  V.  In  contrast  to  the  C-V  results,  the  effect  of  7-irradia¬ 
tion  on  forward  I-V  characteristics  was  minimal,  as  indicated 
by  the  results  in  Fig.  2.  A  marginal  reduction  in  nr  was  observed 
for  all  doses,  and  a  similarly  small  improvement  in  n  was  noted 
for  doses  above  10  Mrad(Si).  For  all  measurements,  both  (j>) g0 
and  Rs  remained  approximately  constant  within  ±0.03  eV 
and  ±3  ft,  respectively.  The  reverse  I-V  characteristics  man¬ 
ifested  gradual  degradation  for  increasing  radiation  doses 
below  5  Mrad(Si),  which  worsened  significantly  for  increasing 
accumulated  dose,  as  indicated  in  Fig.  2.  At  a  reverse  bias  of 
Vr  =  5,  the  leakage  current  increased  from  the  pre-irradiation 
level  of  0.1  /iA/cm2  to  0.34  {iAJ cm2  after  2  Mrad(Si)  total-dose 
and  to  14.9  /iA/cm2  for  cumulative  doses  ~  10  Mrad(Si). 
However,  as  shown  in  Fig.  3,  the  post-irradiation  low-tem¬ 
perature  anneal  fully  restored  the  reverse  I-V  characteristics 
to  pre-irradiation  levels  (0.1  juA/cm2  at  V  =  — 5  V).  This  is 
consistent  with  the  diode  degradation  observed  by  Fang  et  al 
and  the  subsequent  recovery  observed  by  Polenta  et  al  [14], 
[19].  It  should  be  noted  that  while  the  anneal  had  no  significant 
effect  on  the  forward  I-V  characteristics  for  I  >  2  nA,  the 
low  current  (I  <2  nA)  ideality  factor  n  degraded  to  a  value  of 
1.78  ±  0.03  from  1.31  ±  0.02  before  the  anneal.  The  extracted 
diode  parameters  are  summarized  in  Table  I. 


Fig.  2.  /-V  characteristics  of  an  n-GaN  Schottky  diodes  before  and  after 
exposure  to  accumulated  60 Co  7-ray  doses  up  to  21  Mrad(Si). 


Fig.  3.  Effect  of  two  low  temperature  annealing  steps  on  the  I-V  characteristics 
of  Ni/n-GaN  Schottky  diodes  exposed  to  21  Mrad(Si)  60  Co  7-ray  total-dose. 

The  change  in  barrier  height  and  ideality  factor  due  to  image- 
force  barrier  lowering  are  given  by  [20] 
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TABLE  I 

Summary  of  Schottky  Diode  Parameters  Extracted  From  the  C-V 
and  Forward  /-V  Characteristics.  A  Two-Step  Low-Temperature 
Anneal  (LT  Anneal)  Was  Performed  After  21  Mrad(Si) 


Dose 

[Mrad(Si)) 

Nd 

|10in  cm"3] 

[eV] 

^BO 

(eV] 

n 

(/  >  2  nA) 

n' 

(/<  2aA) 

R* 

m 

0 

1 

3.29±0.01 

3.20±0.01 

1.14±0.02 

1.25±0.01 

1.11  ±0.01 

1.17±0.01 

1.52±0.03 

48.7±1.2 

2 

3.28±0.01 

1.27±0.01 

1.09±0.01 

1.18±0.01 

1.14±0.02 

46.0±1.1 

5 

3.31±0.01 

1.29±0.01 

1.10±0.02 

1.18±0.01 

1.16±0.02 

46.8±0.9 

10 

3.32±0.01 

1.31  ±0.01 

1.14±0.01 

1.13±0.01 

1.16±0.02 

46.8±0.7 

21 

3.29±001 

1.30±0.01 

1.13±0.02 

1.14±0.01 

1.31  ±0.02 

48.4±0.8 

LT  inoeil 

3.28±0.01 

1.30±0.01 

1.13±0.02 

1.14±0.01 

1.78±0.03 

49.6±1.0 

where  eoc  is  the  high  frequency  dielectric  permittivity  of 
GaN  (5.2c0).  Using  the  values  of  <j>cg  =  1.14  eV  and 

Nd  -  3.3  ±  16  cm“3  obtained  from  C-V  measurements, 
A0B,if  ~  0.052  and  nif  ~  1.013.  Whereas  the  difference 
in  the  values  of  between  (plQ0  and  <f>CQ  extracted  from  the 
device  characteristics  prior  to  7-irradiation  is  consistent  with 
image-force  barrier  lowering,  the  value  of  n  =  1.19  is  found 
to  be  greater  than  njf  and  the  reverse  leakage  current  is 
larger  than  expected  from  image-force  barrier  lowering  alone. 
Furthermore,  the  difference  in  and  &B  becomes  more 
significant  with  increasing  total  dose.  Although  (fig  increased 
significantly,  tending  to  approximately  1.30  eV,  </>jg0  remained 
essentially  constant  for  all  doses.  Evidently,  the  effect  of 
irradiation  on  diode  characteristics  cannot  be  explained  using 
the  simple  models  described  by  (1)— (6),  which  presume  an 
intimate,  homogeneous  and  defect-free  metal-semiconductor 
interface.  These  discrepancies  are  not  surprising  in  view  of  the 
nonidealities  in  device  characteristics  reported  in  most  studies 
of  metal/n-GaN  Schottky  barrier  diodes  [21]-[24]. 

The  nonideal  electrical  characteristics  of  as-fabricated  GaN 
Schottky  diodes  and,  in  particular,  the  scatter  in  reported 
Schottky  barrier  height  of  Ni/GaN  contacts,  have  been  thought 
to  arise  from  effects  associated  with  metal-induced  gap 
states,  dislocation-related  leakage  paths,  interfacial  defects 
induced  during  metal  deposition,  thin-interfacial  layers  due  to 
metaVGaN  chemical  reactions  and  surface  preparation,  and 
epilayer  uniformity  and  quality  [21],  [25]— [33].  Of  these,  two 
are  of  particular  relevance  to  this  work  because  their  effects  can 
be  qualitatively  correlated  with  our  results. 

Firstly,  the  effect  of  the  ubiquitously  high  density  of  dis¬ 
locations  in  epitaxial  GaN  on  the  electrical  characteristics  of 
Schottky  barrier  diodes  needs  to  be  taken  into  account.  There 
is  increasing  evidence  that  dislocations  act  as  efficient  current 
leakage  paths  [28]-[30].  For  the  case  of  Au/GaN  contacts, 
the  Schottky  barrier  height  of  the  regions  corresponding  to 
the  surface  termination  of  dislocations  has  been  reported  to 
be  lower  than  the  barrier  height  of  dislocation-free  areas. 
Undoubtedly,  these  will  affect  the  I-V  characteristics  because 
carrier  transport  across  the  interface  will  preferentially  occur 
through  these  dislocation-related  paths.  According  to  the  model 
proposed  by  Tung  [34],  [35],  the  analysis  of  the  forward  I-V 
characteristics  of  diodes  with  a  high  density  of  low  Schottky 
barrier  regions  yields  an  </>g0  which  underestimates  the  true 
effective  Schottky  barrier  height  and  results  in  an  ideality  factor 
greater  than  nif  [34]— [36].  Since  the  regions  corresponding 
to  the  surface  termination  of  dislocations  exhibit  a  width  of 


-50  nm  [28],  [29],  which  is  small  relative  to  the  depth  into  the 
GaN  epilayer  probed  by  the  C-V  measurement  (180  nm  at  zero 
bias),  fluctuations  in  interface  potential  are  screened  out  at  the 
edge  of  the  depletion  region,  and  (/>%  values  extracted  using 
(1)  and  (2)  represent  an  average  barrier  height  over  the  entire 
Schottky  diode  gate  [34]— [36].  Thus,  the  values  of  <j>cg  and  <£g0 
extracted  using  the  conventional  models  for  Schottky  diode 
C-V  and  I-V  characteristics  may  differ  significantly.  This  is 
particularly  true  in  diodes  with  a  high  density  of  dislocations 
which  are  exposed  to  increasing  doses  of  energetic  irradiation, 
because  any  radiation-induced  changes  within  the  disloca¬ 
tion-free  area  of  the  metal-GaN  interface  may  not  be  manifest 
in  the  forward  I-V  characteristics,  yet  may  significantly  affect 
the  C-V  characteristics,  in  agreement  with  our  observations. 

Additionally,  the  introduction  of  radiation-induced  defects 
near  the  metal-GaN  interface  also  needs  to  be  taken  into  consid¬ 
eration.  Even  though  radiation-induced  improvements  in  diode 
characteristics  have  been  reported  in  both  GaAs  and  GaN  de¬ 
vices  for  relatively  low  irradiation  doses  [15],  [37],  the  high 
cumulative  doses  employed  in  this  study  are  likely  to  lead  to 
device  degradation  due  to  radiation-induced  introduction  of  in¬ 
terfacial  defects  via  displacement  damage.  This  is  supported  by 
reports  indicating  that  exposure  to  7-rays,  and  low  energy  elec¬ 
trons,  causes  desorption  of  N  and  Ga  near  the  surface  of  GaN. 
In  terms  of  the  model  employed  thus  far  to  extract  4>b  » it  is  im¬ 
portant  to  note  that  implicit  in  (1)  and  (2)  is  the  assumption  of  a 
uniform  charge  density  in  the  depletion  region.  This  assumption 
is  unlikely  to  be  valid  in  the  presence  of  a  high  density  interfa¬ 
cial  defects.  Although  detailed  information  regarding  the  exis¬ 
tence  and  nature  of  these  radiation-induced  interfacial  defects  is 
needed  for  a  complete  analysis,  the  apparent  increase  in  0^  can 
be  phenomenologically  attributed  to  the  formation  of  a  nega¬ 
tively-charged  thin-layer  near  the  Ni/n-GaN  interface.  A  simple 
depletion  approximation  approach  can  be  employed  to  model  a 
uniformly  doped  GaN  epilayer  containing  a  sheet  of  negative 
charge  of  areal-density  qDss  located  at  5S  below  the  metal/GaN 
interface.  In  this  case,  the  apparent  can  be  shown  to  be  cor¬ 
related  to  the  true  flatband  Schottky  barrier  height  </>§: 

W  =  +  (7) 

Thus,  using  the  above  model,  the  apparent  increase  in  ^  of 
0.16  eV  after  21  Mrad(Si)  corresponds  to  an  increase  in  DSS8S 
of  8.4  x  105  cm-1,  provided  that  4>b  and  e a  remain  constant. 
It  should  be  noted  that  while  the  this  negative  charge  could  be 
attributed  to  radiation-induced  acceptor-like  defects  below  the 
Fermi  level,  radiation-induced  lattice  defects  could  also  induce 
changes  in  uniaxial  strain  near  the  metal-GaN  junction  which, 
in  turn,  would  induce  a  change  in  polarization  charges  that  may 
lead  to  an  apparent  increase  in  <f>cg.  Such  effects,  which  are  sim¬ 
ilar  to  those  observed  in  GaAs  barrier  diodes  under  externally 
applied  uniaxial  stress,  may  be  of  significance  given  the  very 
large  piezoelectric  constants  of  GaN  [40],  [41]. 

The  radiation-induced  degradation  observed  in  reverse  I-V 
characteristics  could  be  attributed  to  an  increase  in  interfacial 
defect  density.  However,  our  observation  that  the  low  tempera¬ 
ture  anneal  restores  the  leakage  current  to  pre-irradiation  levels 
without  affecting  the  C-V characteristics  indicates  that  the  inter- 
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Fig.  4.  DLTS  spectra  showing  defects  #1,2,3 ,  detected  prior  to  irradiation,  as  a 
function  of  cumulative  7-radiation  dose,  with  en  =  1.02  s"1  and  tp  =  10  ms. 
Inset:  Expanded  view  of  #1  and  the  evolution  of  radiation-induced  level  G  a 
with  7-ray  total-dose. 
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Fig.  5.  DLTS  spectra  as  a  function  of  filling  pulse,  after  21  Mrad(Si)  with 
en  —  1.02s-1  and  reverse  quiescent  bias  of  2  V. 
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facial  defects  responsible  for  the  degradation  in  reverse  leakage 
current  are  unlikely  to  be  associated  with  the  apparent  shift  in 
(j)cg.  It  is  unclear  whether  dislocation  related  leakage-paths  are 
the  dominant  mechanisms  associated  with  the  reverse  leakage 
current  degradation  and  recovery.  Nevertheless,  these  results  to¬ 
gether  with  the  low  density  of  radiation-induced  defects  in  the 
bulk  of  the  sample,  as  will  be  shown  in  the  next  section,  indi¬ 
cate  that  the  susceptibility  to  radiation  induced  degradation  in 
GaN  based  devices  is  likely  to  be  dominated  by  interfacial  and 
surface  related  effects  rather  than  by  the  intrinsic  radiation  hard¬ 
ness  of  the  underlying  GaN  epilayer. 

B.  Deep-Level  Transient  Spectroscopy 

The  analysis  of  the  DLTS  spectra  was  facilitated  by 
transforming  the  digitally  recorded  isothermal  capacitance 
transients  into  rate-windows  with  a  constant  gating  time  ratio  of 
t2/ti  =  10.  The  thermal  activation  energies  ET  and  apparent 
capture  cross-sections  (Too  were  extracted  using  the  traditional 
Arrhenius  plot  of  ln(en/T£)  versus  1000/Tm,  where  en  is  the 
emission  rate  and  Tm  is  the  temperature  at  which  the  DLTS 
maximum  occurs. 

Three  deep-level  defects,  labeled  Di,  D2,  and  D3,  were  de¬ 
tected  in  the  sample  before  irradiation.  Their  defect  parameters 
and  thermal  emission  characteristics  are  summarized  in  Table  II 
and  Fig.  7.  Deep-level  centers  Di  and  D3  are  the  most  common 
defects  detected  by  DLTS  in  n-GaN  grown  by  various  methods 
[11],  [42].  The  D2  level  is  similar  to  the  magnesium-related  de¬ 
fect  reported  in  n-GaN  by  Hacke  et  al.  [42],  possibly  indicating 
background  Mg  contamination  in  the  growth  chamber.  For  ac¬ 
cumulated  7-ray  doses  up  to  21  Mrad(Si),  the  effect  of  irradi¬ 
ation  on  the  characteristics  of  these  three  defects  is  negligible, 


Fig.  6.  DLTS  spectra  as  a  function  of  filling  pulse,  after  21  Mrad(Si)  with 
en  =  1.02  s-1  and  reverse  quiescent  bias  of  5  V. 

TABLE  II 

Defect  Parameters  for  the  Deep-Levels  Detected  in  the  GaN 
Sample  Prior  to  7-Ray  Exposure.  The  Effect  of  Irradiation 
and  Post-Irradiation  Low-Temperature  Annealing  on 
Defect  Parameters  Was  Negligible 


Label 

Nt 

(1013cm“a) 

(Too 

(cm2) 

Et 

(meV) 

#1 

4.3 

2.5  x  10" 15 

265  ±  7 

#2 

1.7 

6.5xlO-lfi 

355  ±30 

#3 

61.0 

1.4xl0-15 

581  ±  9 

as  shown  in  Fig.  4,  and  is  consistent  with  studies  employing 
high-energy  electron  irradiation  [11]. 

No  significant  changes  in  the  DLTS  spectra  were  observed 
for  cumulative  doses  below  2  Mrad(Si).  The  introduction  of 
radiation-induced  defects  is  only  noticeable  for  cumulative 
doses  greater  than  5  Mrad(Si),  primarily  as  as  a  broad  emis¬ 
sion  signal  at  temperatures  below  110  K,  with  a  magnitude 
that  increases  with  7-ray  dose  (see  inset  of  Fig.  4).  In  order 
to  determine  whether  the  breadth  of  this  radiation-induced 
emission  signal  was  due  to  more  than  one  defect,  further 
measurements  were  performed  after  exposure  to  21  Mrad(Si) 
using  trap-filling  pulse  widths  tp  ranging  from  10  ms  to  10  s 
at  Vr  =  2  V,  and  from  10  ps  to  10  s  at  Vr  =5  V.  The  DLTS 
spectra  thus  obtained,  shown  in  Figs.  5  and  6,  indicate  the 
presence  of  at  least  two  well-defined  but  broad  emission  lines 
labeled  Gi  and  GA  in  Fig.  5.  These  defects  are  characterized 
by  Et  and  0^  of  (£a)  89±6  meV  and  3.1  x  10“  18  cm-2,  and 
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Fig.  7.  Arrhenius  plot  of  defects  identified  by  DLTS,  for  quiescent  reverse 
bias  of  (t)  2  V  and  (□)  5  V.  Defects  £>li2l3  are  present  prior  to  60Co  7-ray 
exposure.  01,2,3  are  radiation-induced  defects,  with  the  signature  labeled  GA 
being  formed  by  the  convolution  of  the  DLTS  signals  of  G\  and  G2.  Also 
shown:  1  MeV  electron  irradiation-induced  defects  (EDI)  60  meV  and  (ED2) 
1 10  meV  in  [14];  and  (Mg-a)  400  meV  magnesium-related  defect  in  [42]. 

(Ga)  132dzl  1  meV  and  4.9  x  10"* 18  cm-2.  However,  more 
detailed  probing  into  the  characteristics  of  the  Ga  carrier  emis¬ 
sion,  using  shorter  tp  at  Vr  =  5  V  (see  Fig.  6),  indicates  that 
its  DLTS  signal  is  formed  by  the  convolution  of  two  defects. 
By  subtracting  spectra  at  different  trap-filling  pulse  widths, 
and  employing  only  DLTS  signals  that  are  almost  saturated, 
we  obtained  Arrhenius  plots  for  3  different  levels,  labeled 
G\,G2  and  G3,  with  E t  and  <7oo  of  (Gi)  88  ±  7  meV  and 
2.6  x  10"18  cm2,  (G2)104±12  meV  and  1.2  x  10"18  cm2,  and 
(G3)144±13  meV  and  7.6  x  10"18  cm2.  The  characteristics  of 
the  G3  level  are  consistent  with  the  155  meV  radiation-induced 
defect  observed  by  Schimdt  and  coworkers  using  tp  =  1  ms  and 
Vr  =  7  in  n-GaN  exposed  to  a  60Co  7-ray  fluence  equivalent 
to  ~1.5  x  104  Mrad(Si)  [10].  The  defect  parameters  and 
Arrhenius  plots  for  the  radiation-induced  levels  are  presented 
in  Table  III  and  Fig.  7,  respectively.  The  parameters  obtained  at 
Vr  =  6  V  are  expected  to  be  more  accurate  due  to  the  increased 
observation  volume  during  emission.  It  should  be  noted  that 
the  extracted  parameters  of  irradiation-induced  levels  describe 
adequately  the  evolution  of  the  saturated  DLTS  peaks  with  tem¬ 
perature,  but  they  are  insufficient  to  account  for  the  observed 
filling-pulse  behavior  since  we  have  neglected  the  possible 
presence  of  any  barriers  for  carrier  capture.  The  trap-filling 
pulse  widths  required  to  saturate  the  Gi  signal  are  of  the  same 
magnitude  as  the  emission  time  constants,  indicating  that  the 
true  capture  cross-section  may  be  significantly  smaller  than  the 
apparent  cross-section  and/or  that  a  barrier  for  carrier  capture  is 
present.  The  extensive  overlap  in  the  emission  signals  does  not 
allow  for  extraction  of  unique  values  of  the  barrier  for  carrier 


TABLE  III 

Radiation-Induced  Defect  Parameters  in  n-GaN  After  Exposure  to 
21  Mrad(Si)  Cumulative  7-Ray  Dose.  The  Effect  of  Post-Irradiation 
Low-Temperature  Annealing  on  Defect  Parameters  Was  Negligible 


Label 

Vk 

Production  rate 

Nt 

(Too 

Et 

(V) 

(10“4  cm-1) 

(1013  cm“3) 

(cm2) 

(meV) 

Gi 

2 

6.7 

2.8 

3.1  xlO"18 

89±  6 

Ga 

2 

5.9 

2.5 

4.9x10- 18 

132±11 

Gi 

5 

9.1 

3.8 

2.6  xl0~18 

88±  7 

g2 

6 

7.3 

3.0 

1.2x10- 18 

104±12 

C?3 

5 

4.8 

2.0 

7.6x10- 18 

144±13 

capture,  or  of  the  true  capture  cross-section,  from  the  trap-filling 
characteristics. 

The  defect  production  rates  obtained  after  21  Mrad(Si)  cu¬ 
mulative  dose,  included  in  Table  HI,  were  calculated  from  the 
equivalent  1.25  MeV  photon  fluence  obtained  using  the  rela¬ 
tion  [43]:  1  rad(Si)  =  2.0  x  109  photons/cm"2.  The  combined 
production  rate  for  all  radiation  induced  defects,  using  the  pa¬ 
rameters  obtained  at  VR  -  5  V,  is  2.12  x  10“3  cm"1.  From 
the  DLTS  spectra  at  Vr  =  2  V  as  a  function  of  total  7-ray 
dose,  the  production  rate  for  the  Ga  center  (G2  and  G3  com¬ 
bined)  is  5.9  x  10"4  cm"1  and  is  approximately  constant  within 
±1  x  10"4  cm"1 ,  for  cumulative  doses  greater  than  2  Mrad(Si). 
The  production  rate  for  the  G3  center  is  4.8  x  10"4  cm"1,  in 
close  agreement  with  the3.3xl0"4  cm"1  production  rate  of  the 
155  meV  7-ray-induced  defect  reported  by  Schimdt  et  al.  [10]. 
This  suggests  that  the  defect  production  rates  are  quite  low  and 
not  significantly  dependent  on  total  7-ray  dose. 

The  charge-trapping  parameters  of  the  radiation  induced  de¬ 
fects  in  GaN  detected  in  this  study  are  consistent  with  previously 
reported  nitrogen-related  defects.  It  is  likely,  however,  that  more 
complex  defects  may  arise  near  the  metal-GaN  interface  since 
the  radiation-induced  defect  production  rates  are  influenced  by 
the  presence  of  lattice  flaws  and  impurities  [8],  [44].  The  low 
defect  production  rates  are  clear  evidence  of  the  low  suscepti¬ 
bility  of  GaN  to  ionizing  radiation  induced  damage. 

IV.  Conclusion 

The  effect  of  7-irradiation  on  the  electrical  characteristics  of 
Ni/n-GaN  Schottky  diodes  has  been  studied  using  C-V,  I-V ,  and 
DLTS  measurements.  Exposure  to  increasing  cumulative  7-ray 
doses  was  found  to  have  the  following  effects:  a)  an  apparent 
increase  in  the  Schottky  barrier  height  extracted  from  C-V  mea¬ 
surements;  b)  the  effective  barrier  height  extracted  from  forward 
I-V  measurements  remains  essentially  constant  with  a  marginal 
improvement  in  ideality  factor;  and  c)  significant  degradation 
in  reverse  I-V  characteristics  for  total  doses  above  2  Mrad(Si). 
Low  temperature  post-irradiation  annealing  (six  days  at  room 
temperature  plus  15  min  at  50  °C)  was  found  to  restore  the  re¬ 
verse  /-V characteristics  to  pre-irradiation  levels  without  having 
any  significant  effect  on  the  forward  I-V  characteristics  or  on  the 
radiation-induced  changes  in  the  C-V  characteristics.  These  ef¬ 
fects  have  been  discussed  taking  into  consideration  possible  ef¬ 
fects  due  to  the  high  density  of  dislocations  common  in  GaN  epi- 
layers  and  radiation-induced  defects  at  the  metal-semiconductor 
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interface.  It  is  postulated  that  the  apparent  increase  in  Hatband 
Schottky  barrier  height  is  due  to  the  formation  of  a  sheet  of  nega¬ 
tive  charge  arising  from  radiation-induced  defects  or  piezoelec¬ 
tric  effects  near  the  metal-GaN  interface.  The  negligible  change 
in  forward  I-V  characteristics,  which  tends  to  indicate  a  nearly 
constant  barrier  height  with  irradiation  dose,  is  attributed  to  the 
low  Schottky  barrier  height  in  regions  associated  with  the  sur¬ 
face  termination  of  dislocations.  Even  though  the  degradation 
observed  in  the  reverse  I-V  characteristics  is  undoubtedly  due 
to  an  increase  in  radiation-induced  defects,  the  recovery  after 
annealing  indicates  that  these  defects  are  not  responsible  for  the 
changes  in  C-V  characteristics. 

The  introduction  of  radiation-induced  defects  was  monitored 
using  isothermal  DLTS  measurements.  Three  radiation-induced 
defects  were  detected  after  a  radiation  dose  of  21  Mrad(Si)  with 
activation  energies  of  88  104  and  144  meV,  and  produced  at  a 
combined  rate  of  2.12  x  10"3  cm“1 .  Given  the  general  agree¬ 
ment  of  our  results  with  those  obtained  by  other  authors  for 
1  MeV  electron  irradiated  GaN,  we  attribute  these  defects  to 
nitrogen-vacancy-related  defects.  Three  deep-level  defects  de¬ 
tected  in  the  sample  before  irradiation  exposure,  with  activation 
energies  of  265, 355,  and  581  meV,  did  not  manifest  any  signif¬ 
icant  changes  in  their  parameters  or  concentrations  after  cumu¬ 
lative  7-ray  doses  up  to  21  Mrad(Si). 

Our  results  indicate  that  epitaxial  GaN  has  an  intrinsically  low 
susceptibility  to  radiation-induced  material  degradation.  How¬ 
ever,  radiation  hardness  of  GaN  devices  is  more  likely  to  be  lim¬ 
ited  by  susceptibility  of  the  metal-GaN  interface  to  radiation-in¬ 
duced  damage  and  by  the  deleterious  effect  of  a  high  density 
dislocations.  These  effects  are  likely  to  have  a  negative  impact 
on  the  reverse-bias  characteristics  of  Schottky  gates  and,  hence, 
the  performance  and  reliability  of  GaN-based  high  power  recti¬ 
fiers,  MESFETs  and  HFETs  operating  in  high-energy  radiation 
environments. 
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Abstract 

The  effect  of  isochronal  thermal  annealing  on  60Co  gamma-irradiated  Ni/n-GaN  Schottky  barrier  diodes, 
which  had  previously  been  exposed  to  21  Mrad(Si)  total  dose,  has  been  investigated  using  capacitance-voltage 
(C-V)  and  current- voltage  ( I-V )  measurements,  whereas  capacitance  deep-level  transient  spectroscopy  (DLTS)  has 
been  employed  to  monitor  the  evolution  and  annihilation  of  radiation-induced  defects  during  thermal  annealing. 
While  a  relatively  low  temperature  anneal  at  50  °C  has  been  shown  to  restore  the  reverse  bias  I-V  characteristics 
to  pre-irradiation  levels  without  any  significant  effect  on  the  C-V  and  forward  I-V  characteristics,  subsequent 
thermal  annealing  up  to  160  °C  is  shown  to  further  improve  device  characteristics.  However,  annealing  above 
250  °C  is  found  to  degrade  both  forward  and  reverse  I-V  characteristics  and  induce  a  reduction  in  the  free  carrier 
concentration  obtained  from  C-V  characteristics.  Detailed  analysis  of  the  forward  current  and  C-V  characteristics 
indicate  that  the  apparent  reduction  in  Schottky  barrier  height  after  annealing  above  250  °C,  is  associated  with 
dislocation-related  to  annealing  effects.  Annealing  at  temperatures  above  250  °Cwere  found  to  result  in  the 
annihilation  of  radiation-induced  defects,  as  evidenced  by  DLTS  measurements.  From  the  detailed  analysis  of  the 
radiation-induced  defect  concentrations,  the  dominant  annealing  process  is  characterized  by  an  activation  energy 
in  the  range  of  1.77  eV  to  1.92  eV.  The  physical  origin  of  radiation-induced  defects,  and  of  defects  involved 
in  their  annihilation  process,  is  discussed  in  the  perspective  of  recent  theoretical  calculations  of  native  defect 
diffusion  mechanisms  in  GaN. 
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I.  Introduction 

Gallium  nitride  and  related  wide  bandgap  semiconductor  alloys  are  of  increasing  importance  for  the  fabrication 
of  short-wavelength  light  emitters  and  detectors.  The  low  thermal  carrier  generation  rates  and  high  breakdown 
fields,  which  are  both  a  consequence  of  the  wide  energy  gap  of  GaN,  render  the  material  an  attractive  candidate 
for  the  fabrication  of  microelectronic  devices  capable  of  reliable  operation  at  high  power/voltage  levels,  at 
high  temperatures,  and  in  high-energy  radiation  environments  [1,  2].  For  applications  in  high-energy  radiation 
environments,  such  as  those  prevailing  in  aerospace,  medicine,  military  and  nuclear  applications,  the  study 
of  high-energy  irradiation  effects  on  device  performance  is  essential  in  order  to  assess  the  long-term  device 
reliability  and  in  the  development  radiation-tolerant  circuits  and  systems. 

Exposure  of  GaN  semiconducting  films  to  energetic  particle  irradiation  invariably  results  in  the  introduction 
of  vacancy  and  interstitial  point-defects  by  displacement  of  N  and  Ga  species  from  their  respective  sublattices. 
However,  the  isolated  character  of  these  defects  may  be  compromised  by  defect  migration  and  interactions  with 
native  defects  at  temperatures  near  or  above  300  K.  The  evolution  from  isolated  point  defects,  as  introduced  by 
irradiation  at  cryogenic  temperatures,  to  more  complex  defect  structures  has  been  clearly  evidenced  by  electron 
paramagnetic  resonance  studies  of  electron-irradiated  GaN  films  [2-5].  Furthermore,  these  studies  have  also 
allowed  unambiguous  identification  of  Ga  interstitials  (Gai),  have  established  that  this  type  of  defect  is  mobile 
slightly  below  room  temperature,  and  have  produced  evidence  that  the  migration  of  Gai  can  be  electronically 
stimulated  at  cryogenic  temperatures  [2,  5,  6].  For  the  case  of  isolated  Ga  vacancies  (Vca)  in  n-GaN,  as  well  as 
complexes  associated  with  the  N  vacancy  (Vn)  in  p-type  GaN,  these  have  been  detected  by  positron  annihilation 
spectroscopy  and  have  been  shown  to  become  mobile  at  200-350  and  500-800  °C,  respectively  [7,  8]. 

Similar  to  other  semiconductor  materials,  the  introduction  of  radiation-induced  defects  in  GaN  films  invariably 
results  in  the  creation  of  levels  in  the  forbidden  energy  gap  that  may  act  simultaneously  as  scattering  centers  as 
well  as  donors,  acceptors,  traps  or  recombination  centers,  thereby  affecting  the  electronic  and  optical  material 
properties  and  device  performance  [9-16].  At  sufficiently  high  concentrations,  radiation-induced  defects  have 
been  shown  to  result  in  mobility  degradation  and  induce  changes  in  free  carrier  concentration  which  vary 
with  material  doping  level,  a  possible  indication  that  irradiation-induced  point  defects  interact  with  impurities 
and  other  native  defects  [17-19].  From  the  observed  changes  in  the  magnetotransport  properties  of  electron- 
irradiated  n-GaN  films,  Look  and  co-workers  identified  Vn  as  a  radiation-induced  shallow  donor  with  a  thermal 
activation  energy  of  0.07  eV,  and  observed  that  thermal  annealing  at  200-400  °C  induced  a  complete  recovery 
of  the  radiation-induced  mobility  degradation  which  was  attributed  to  recombination  of  radiation-induced  Vn 
and  N  interstitial  (Ni)  pairs  [17].  Emtsev  et  al.  observed  a  more  complex  post-irradiation  thermal  annealing 
behavior  in  both  doped  and  undoped  n-GaN  layers,  which  was  interpreted  as  an  indication  that  the  process  of 
defect  annihilation  occurs  via  interactions  with  native  defects  and/or  impurities  and  the  consequent  formation 
of  complex  defect  aggregates  [18].  This  view  appears  to  be  supported  by  the  complex  emission  characteristics 
of  radiation-induced  defects  in  n-GaN  as  detected  by  deep-level  transient  spectroscopy  (DLTS)  techniques 
[15,  20-23], 

It  is  important  to  note  that  the  relatively  high  irradiation  doses  employed  in  most  published  studies,  which  has 
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been  found  to  be  necessary  in  order  to  induce  sufficiently  high  defect  concentrations,  are  indicative  of  the  low 
defect  production  rates  and  the  high  energy  thresholds  for  displacement  damage  in  GaN.  Such  studies  confirm  the 
potential  of  GaN-related  materials  and  devices  for  circuit  and  system  applications  requiring  radiation-hardness. 
However,  even  though  low  material  susceptibility  to  radiation  damage  is  fundamental  for  radiation-hard  devices, 
the  radiation  tolerance  of  electronic  devices  and  circuits  can  be  limited  by  radiation-induced  effects  associated 
with  electrical  contacts,  surfaces  and  interfaces,  and  the  presence  of  extended  defects  such  as  dislocations  and 
grain  boundaries  [24].  For  the  case  of  GaN,  there  are  still  relatively  few  published  reports  on  the  effects  of  post¬ 
irradiation  annealing  on  metal-GaN  rectifying  Schottky  contacts,  which  constitute  a  critical  element  of  metal- 
semiconductor  field  effect  transistors  and  heterostructure-based  high  electron-mobility  field  effect  transistors, 
even  though  most  DLTS  studies  of  radiation-induced  defects  in  n-GaN  have  been  realized  using  Schottky  barrier 
diodes.  Perhaps  one  of  the  earliest  indications  of  radiation-induced  degradation  of  Schottky  contacts  on  GaN 
can  be  found  in  the  reports  of  Fang  et  al  and  Polenta  et  al. ,  where  it  was  noted  that  device  degradation  induced 
by  exposure  to  1  MeV  electrons  was  annealed  by  prolonged  storage  at  room  temperature,  which  resulted  in 
a  recovery  of  device  characteristics  and  reduction  in  the  concentration  of  radiation-induced  defects  [21,  25]. 
Irradiation  with  various  energetic  particles  has  been  noted  to  produce  similar  defects  to  electron-irradiation  in  n- 
GaN,  and  their  annealing  behaviour  has  been  found  to  coincide  with  a  recovery  in  forward  bias  current-voltage 
(/-V)  device  characteritics  [26].  More  recently,  we  have  reported  on  the  60  Co  gamma-irradiation  induced  effects 
on  the  characteristics  of  Ni/GaN  Schottky  diodes.  In  summary,  device  irradiation  was  found  to  cause  increases 
in  Schottky  barrier  height  as  extracted  from  capacitance-voltage  C-V  measurements  and  resulted  in  significant 
degradation  in  reverse  bias  I-V  characteristics.  However,  the  barrier  height  extracted  from  forward  bias  I-V 
characteristics  remained  essentially  approximately  constant  for  doses  up  to  21  Mrad(Si).  Post-irradiation  storage 
at  room  temperature  and  subsequent  thermal  annealing  at  50  °C  was  found  to  fully  recover  reverse  bias  I-V 
characteristics  to  pre-irradiation  levels  without  having  any  significant  effect  on  (i)  the  C-V  characteristics,  (ii) 
forward  bias  I-V  characteristics,  or  (iii)  the  parameters  associated  with  the  three  shallow  radiation-induced 
defect  levels  detected  by  DLTS  [15]. 

In  this  report,  we  present  results  of  a  study  on  the  effect  of  isochronal  thermal  annealing  on  60Co  gamma- 
irradiated  Ni/n-GaN  Schottky  barrier  diodes.  The  effect  of  thermal  annealing  on  device  characteristics  has  been 
investigated  using  C-V  and  I-V  measurements,  while  transient  capacitance  DLTS  has  been  employed  to  monitor 
the  evolution  and/or  annihilation  of  radiation-induced  defects. 

II.  Experimental  techniques  and  Analysis 

Schottky-barrier  diodes  were  fabricated  on  a  2-//m  thick  nominally  undoped  GaN  epitaxial  layer  grown  at  the 
University  of  California  at  Santa  Barbara  by  metal-organic' chemical  vapor  deposition  on  sapphire.  The  devices 
were  defined  by  alloyed  Al/Cr/Au  ohmic  contacts  and  subsequently-formed  coplanar  Ni/Au  Schottky  contacts 
of  600  /xm  diameter,  with  a  separation  of  30  fim  over  which  the  GaN  surface  was  not  passivated.  The  devices 
were  exposed  to  a  maximum  total  dose  of  21  Mrad(Si)  total  dose  60Co  gamma-rays  at  an  average  dose  rate 
of  2  krad(Si)/min.  As  previously  reported  [15],  measurements  performed  following  the  maximum  total  dose  of 
21  Mrad(Si)  and  after  sample  storage  at  room  temperature  for  six  days  followed  by  thermal  annealing  for  15 
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minutes  at  50  °C  indicated  a  complete  recovery  of  reverse  I-V  characteristics  to  pre-irradiation  levels,  whereas 
the  post-irradiation  C-V  characteristics  and  DLTS  parameters  of  the  radiation-induced  levels  were  unaffected. 

A  series  of  consecutive  post-irradiation  thermal  anneals  were  performed  isochronally  for  30  minutes  in  a 
N2  ambient  at  temperatures  ranging  from  80  to  350  °C.  Measurements  of  C-V  and  I-V  device  characteristics 
were  undertaken  at  room  temperature  under  dark  conditions  using  a  HP  4280A  1  MHz  C-V  meter  and  a 
HP  4145B  Semiconductor  Parameter  Analyzer,  respectively.  Since  signals  associated  with  carriers  emission 
from  the  radiation-induced  defects  were  only  detectable  from  60  to  150  K,  DLTS  measurements  were  limited 
to  this  temperature  range  and  were  performed  isothermally  by  sampling  the  capacitance  transients  resulting  from 
a  10  s  voltage  pulse  ( Vp )  to  zero  volts  from  a  quiescent  reverse  bias  (Vr)  of  5  V;  such  a  long  trap-priming 
pulse  was  necessary  in  order  to  enable  observation  of  the  combined  emission  signal  resulting  from  the  various 
radiation-induced  levels. 


III.  Experimental  results  and  Discussion 


A.  C-V  and  I-V  Characteristics 

Analysis  of  experimental  diode  C-V  characteristics  was  performed  using  the  usual  expression  for  the  bias 
dependent  depletion  capacitance  per  unit  area  C  of  an  ideal  Schottky  barrier  diode: 

2 


-2  _ 


qesN 


(Vdo  -  V) 


Vdo  =  —  (ksT/q)  \n(Nc/N)  —  kBT/q 


(1) 

(2) 


where  V  and  T  are  the  applied  bias  and  device  temperature,  q  is  the  electronic  charge,  ks  is  Boltzmann’s  con¬ 
stant,  es  is  the  permittivity  of  GaN  (9.5eo),  V^o  is  the  zero-bias  diffusion  potential,  4>°q  is  the  flat-band  Schottky 
barrier  height,  Nc  is  the  effective  density  of  states  in  the  conduction  band  (for  of  GaN  Nc=2.6x  1018  cm-3  at 
300  K)  and  N  is  the  free  electron  concentration.  For  a  uniform  carrier  concentration,  C~ 2  is  a  linear  function 
of  V  with  a  gradient  of  —2/(qesN)  and  an  intercept  with  the  V-axis  of  Vdo  —  ksT/q,  wherefrom  4>°b  can 
extracted  with  the  aid  of  (2). 

As  indicated  by  the  data  plotted  in  Fig.l,  the  dominant  effect  of  thermal  annealing  of  the  post-irradiation 
C-V  characteristics  is  an  increase  in  the  gradient  of  C~2-V  for  annealing  temperatures  above  250  °C,  which 
translates  to  a  decrease  of  7 ±3%  in  carrier  concentration  after  a  350  °C  anneal  (see  inset  in  Fig.l).  As  shown 
in  Fig.  2,  a  marginal  decrease  in  the  C-V  Schottky  barrier  height  (<£§0  is  also  observed  after  annealing  in  this 
temperature  range,  however  this  may  not  be  of  significance  since  it  falls  within  the  error  bounds  of  the  extracted 
parameter  <j)CQ.  Thus,  <f/g  should  be  considered  as  remaining  approximately  unchanged  from  its  post-irradiation 
value  of  1.30 ±0.03  eV  for  all  annealing  temperatures.  This  is  also  evident  from  the  nearly-constant  Voltage-axis 
intercept  of  C~2  shown  in  Fig.  1. 

The  effective  zero-bias  Schottky  barrier  height ,  and  diode  ideality  factor,  n,  were  extracted  from  forward 
bias  I-V  measurements  using  the  conventional  thermionic-emission  model  [27]: 


I 

Js 


AJS  exp 


A**  T 2  exp 


(3) 

(4) 
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where  A  is  the  device  active  area,  Js  is  the  saturation  current  density  and  A **  is  the  effective  Richardson 
constant.  The  effect  of  series  resistance,  R$ ,  can  be  incorporated  in  (3)  by  replacing  V  with  V  —  IRS.  The 
curve-fitting  was  performed  numerically,  and  <f>g0  was  obtained  assuming  A**  —  26.4  cm-2K-2. 

From  the  forward  post-irradiation  I-V  characteristics,  consecutive  isochronal  anneals  up  to  about  250  °C 
were  found  to  induce  a  marginal  increase  in  effective  Schottky  barrier  height  from  1.13 ±0.01,  after 
21  Mrad(Si)  accumulated  gamma-ray  dose,  to  1.16 ±0.02  eV  after  consecutive  annealing  at  250°C.  Over  the 
same  annealing  temperature  range  n  and  Rs  were  noted  to  remain  approximately  constant  at  1.14 ±0.01  and 
49 ±2  Q, respectively.  As  evident  from  the  I-V  curves  in  Fig.3,  further  thermal  annealing  at  temperatures 
>250  °C  treatment  induced  significant  degradation  in  the  forward  I-V  characteristics.  This  degradation  is 
evident  as  increase  in  current  levels  at  low  values  of  forward  bias  and  is  characterized  by  <^0  decreasing  from 
1.16±0.02  eV  to  0.97±0.02  eV  after  consecutive  anneals  from  250  °C  to  350  °C,  with  n  increasing  from 
1.14±0.01  to  1.50±0.02  (see  inset  in  Fig.3)  and  R$  increasing  marginally  from  49±2  ft  to  52±2  ft  over  the 
same  annealing  temperature  range.  In  contrast  to  the  above  behavior,  the  reverse  I-V  characteristics  were  found 
to  be  virtually  unaffected  by  thermal  anneals  up  to  160  °C  as  shown  in  Fig.  4.  Subsequent  higher  temperature 
annealing  resulted  in  significant  reverse  leakage  degradation  which  was  more  severe  at  higher  reverse  biases. 
However,  this  degradation  appears  to  level  off  with  increasing  annealing  temperature,  and  even  recover  slightly 
for  reverse  bias  voltages  <  -“3  V  at  annealing  temperatures  above  250  °C. 

Of  particular  note  is  that  the  degradation  in  the  measured  I-V  characteristics  that  occurs  for  annealing 
temperatures  above  250  °C  coincides  with  the  temperature  range  over  which  C-V  measurements  indicate  a 
decreasing  carrier  concentration  and  no  significant  change  in  barrier  height.  The  observed  decrease  in  carrier 
concentration  of  approximately  1%  is  unlikely  to  have  significant  influence  on  the  forward  I-V  characteristics, 
since  in  the  present  samples  Rs  is  dominated  by  contact  resistance  rather  than  by  the  sheet  resistance  of  the 
GaN  epitaxial  layer.  On  the  other  hand,  the  differences  between  the  extracted  4>%bo  an^  ^b  combined  with  the 
large  values  of  ideality  factor  for  annealing  above  250  °C  cannot  be  solely  attributed  to  image-force  barrier 
lowering  since  the  maximum  corrections  to  n  estimated  to  be  A <j>B  <  0.06  and  An  <  0.02.  While 

such  discrepancies  are  not  surprising  in  view  of  the  non-idealities  reported  in  most  studies  of  metal/n-GaN 
Schottky  barrier  diodes  [28-31],  in  the  present  study  the  difference  in  I-V  and  C-V  extracted  barrier  heights 
is  primarily  due  to  radiation-induced  changes.  For  example,  and  as  shown  in  Fig.2,  4>cg  was  found  to  increase 
from  1.14±0.02  to  1.30±0.01  eV  after  a  cumulative  gamma-ray  dose  of  21  Mrad(Si),  whereas  <^0  remained 
essentially  constant  with  irradiation  exposure  [15]. 

In  previous  studies,  the  non-ideal  electrical  characteristics  of  as -fabricated  GaN  Schottky  diodes  and,  in 
particular,  the  scatter  in  the  reported  barrier  height  of  Ni/GaN  contacts,  have  been  are  proposed  to  be  attributable 
to  surface-states  and  interfacial  defects,  dislocation-related  current  paths,  interfacial  layers  induced  by  metal/GaN 
reactions  or  surface  preparation,  and  material  non-uniformity  and  quality  [28, 32-40].  While  a  combination  of  the 
above  is  also  likely  to  have  an  effect  on  the  present  samples,  effects  associated  with  dislocations  and  interfacial 
defect  states  are  of  particular  relevance  to  this  study  because  irradiation  and/or  post-irradiation  annealing  are 
likely  to  have  a  significant  influence  on  device  characteristics. 

Electrically-active  dislocations  are  known  to  affect  the  characteristics  of  Schottky  barrier  diodes  mainly  by 
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acting  as  efficient  current  leakage  paths  across  the  depletion  layer  and  metal-GaN  interface  [35-37,  41,  42]. 
There  is  evidence  for  previous  studies  suggesting  that  the  electrical  activity  at  dislocation  is  correlated  to 
defects  and  impurities  trapped  in  their  stress  field  [43,  44],  and  that  the  Schottky  barrier  height  in  localized 
regions  near  or  at  the  surface  termination  of  dislocations  is  lower  than  in  dislocation-free  areas  [35].  It  has 
also  been  reported  that  while  the  surface  termination  of  active  dislocations  tends  to  be  dimensionally  small 

with  diameters  of  47 - 105  nm,  their  electrically  active  cross-sectional  area  can  be  much  larger  with  current 

conduction  characteristics  that  vary  with  biasing  conditions  [35,  36].  Since  carrier  transport  across  the  metal- 
semiconductor  interface  will  occur  preferentially  through  localized  low-barrier-height  regions,  the  overall  I-V 
characteristics  manifest  a  <f>lQ0  which  underestimates  the  true  barrier  height  of  the  dislocation-free  area  and 
exhibits  an  ideality  factor  greater  than  expected  from  thermionic-emission  and  image-force  barrier-lowering 
[45 ,  46].  For  devices  in  which  interface  potential  fluctuations  are  small  relative  to  the  depletion  depth  probed 
during  C-V  measurements  (that  is,  screened  out  at  the  edge  of  the  depletion  region),  the  extracted  4>b  represents 
an  average  barrier  height  over  the  entire  diode  area  which  may  differ  significantly  from  <^0  [45,  46]. 

In  order  to  further  investigate  this  issue,  the  measured  I-V  characteristics  have  been  analyzed  assuming  that 
dislocations  act  as  localized  non-interacting  Schottky  barrier  diodes  in  parallel  with  the  ideal  dislocation-free 


Ni/n-GaN  interface.  Thus,  the  total  current  can  be  expressed  as  an  extension  of  equation  (3): 


I  total  —  ^  A-ideal  ^s, ideal  exP 


“1“  Adisl  Js,disl  ®XP 


qV 

W'dislk'B'r 


x  1  -  exp 


where  A  and  J  represent  the  effective  electrically-active  surface  area  and  saturation  current  density  of  dislocation- 
free  regions  and  dislocation-related,  respectively  denoted  by  the  subscripts  ideal  and  disl.  The  saturation  densities 
are  simply  defined  by  expressions  of  the  form  of  equation  (4),  with  zero-bias  barrier  heights  of  </>£o, ideal  an^ 
4*0  disl-  equation  (5),  carrier  transport  at  the  metal-GaN  interface  of  the  dislocation-free  regions  has  been 
assumed  to  be  dominated  by  thermionic-emission  ( riideai  »  1),  whereas  in  dislocation-affected  regions  the 
ideality  factor  has  been  taken  to  be  ridisi  >  1  .  It  is  noted  that  the  form  of  equation  (5)  is  consistent  with  I-V 
models  for  inhomogeneous  Schottky  barrier  diodes  proposed  by  R.  T.  Tung  [47].  Additionally,  and  although 
not  explicitly  indicated  in  equation  (5),  the  current  flow  is  assumed  to  be  limited  by  series  resistance  in  both 
regions:  (i)  a  spreading-resistance-related  RS)disi  at  regions  associated  with  dislocations  and,  (ii)  a  contact- 
related  series  resistance  RStideai  in  the  dislocation-free  regions.  As  shown  in  Fig.5,  this  simple  model  provides 


an  excellent  fit  to  the  experimental  forward  I-V  characteristics  and,  while  the  analysis  yields  only  the  current 
components  associated  with  dislocation-related  and  ideal  regions,  an  estimate  of  the  barrier  heights  can  be 
obtained  by  using  published  values  of  dislocation  density  and  surface-termination  areas  undoped  n-GaN  films 
[35, 37, 41, 42].  Alternatively,  an  estimate  of  the  aggregate  effective  area  of  ideal  and  dislocation-affected  regions 
can  be  obtained  by  correlating  the  barrier  heights  to  <//§  which  must  effectively  be  the  average  of  <1^0, ideal 
and  <t>B0  disi  [46,  48].  Formally,  the  equilibrium  average  barrier  height  must  be  obtained  from  the  solution  of 
Poisson’s  equation  in  cylindrical  coordinates  [47],  thus  detailed  knowledge  of  the  carrier  accumulation/depletion 
and  of  the  fixed  charge  state  and  distribution  of  defects  in  the  vicinity  of  threading  dislocations  would  be 
required.  An  alternative  approach  is  to  estimate  the  average  barrier  height  from  the  average  fixed  charge  in  the 
depletion  region  as  an  extension  of  the  one-dimensional  solution  of  Poisson’s  equation.  Thus,  and  in  the  spirit 
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of  the  depletion  approximation,  charge  density  per  unit  volume  in  the  space-charge  layer  of  a  homogeneous 
metal/n-GaN  Schottky  barrier  diode  at  zero-bias  is  given  by  [27]: 

Qsc  =  A(2qesNdVd0)1'2 


with  N  denoting  the  uniform  ionized  donor  density  and  Vdo  being  define  by  equation  (2).  The  average  space- 
charge  density  { Qsc )  in  a  diode  with  two  distinct  n-type  regions,  formed  by  the  aggregate  ideal  and  dislocation- 
related  regions,  can  be  expressed  as: 

(Qsc)  =Adisli^‘^s^d,disA^dOydisl)  ^  4"  Aideai  ^d, ideal  VdO,ideal} 

(6) 

=A(2qes{Nd)(Vd0 ))1/2 

where  brackets  denote  a  statistical  average  over  the  entire  device  area  A,  and  Adui  and  Aideai  are  geometrical 
areas  ( A  =  Adisi  4-  Aideai)-  It  can  be  shown  that  from  equation  (6)  the  average  barrier  height  (4>b0)  in  terms 
of  the  barrier  heights  of  the  dislocation-free  and  dislocation-related  regions  can  be  expressed  as: 

/  iiv  \  (  Aideai  \  riy  .  f  Adisi  \  jiv 

(PBo)  —  ^ ^ —  J  <P  BO, ideal  +  ^  ^  J  PBO,disl 

+  2^^-—  {(VnMealVntdisl)1/2  +  (<$0  Meal  -  VnMealf2  (4>%iideal  ~  Vn4islf2} 

with 


(Vn) 

Vn,(ideal\disl ) 

A(ideal\disl ) 

aVWJ 


■  <■*¥-¥  Hw)“) 

kBT  kBT  f  f  NC  M 

=  Sndideattdisl )  H =  <  I  +  m  I  — -  I  > 

Q  Q  t  \ N d,(ideal\disl)  J  J 


=  A, 


Ndt(ideal\disl) 


( ideal\disl)\f 
Aideai \fVn  ,■ ideal  4-  Adisi  y/Vn,disl 


(8) 

(9) 


where  and  £n,(ideai\disi )  are  the  global  and  local  energy  difference  between  the  Fermi  level  and  the  bottom 
of  the  conduction  band.  Equations  (8)  and  (9)  correlate  the  effective  area  of  the  dislocation-related  and 
ideal  interfacial  surface  regions  to  their  respective  geometrical  surface  areas  and  to  the  local  fixed-charge 
density  Ndi(ideai\disi }  and  £n^ideai\disi)  at  the  edge  of  the  depletion  layer.  Devices  fabricated  on  high-quality 
hetero-epitaxial  films,  €n,ideai  — >  £n  under  equilibrium  conditions  in  the  dislocation-free  neutral  region.  For 
regions  in  the  vicinity  of  a  threading  dislocations  three  limiting  cases  are  considered:  (i)  carrier  depletion 
in4isi  <j>B0,disi .  00  carrier  accumulation  £n,diSi  ->  0,  and  (iii)  £n> disi  ->  €n, ideal  and  the  effect  of  dislocations 
is  effectively  screened  at  the  edge  of  the  zero-bias  depletion  region.  It  should  be  noted  that  the  effects  of 
dislocations,  as  considered  in  the  above  three  limiting  cases,  depend  on  their  detailed  nature  and  charge-state 
and  on  the  presence  of  shallow  donor  defects  such  as  Vn  and  On  and/or  acceptor  states,  such  as  Vca  and 
VGa-ON  [43,  49,  50].  Using  the  above  models,  the  barrier  heights  were  obtained  from  the  analysis  of  the 
various  device  characteristics.  While  for  £n,disi  —>  0  and  £ n>disi  ftm^disi  extracted  values  average  barrier 
height  (<fig0)  consistent  with  <fig  were  obtained,  the  best  fit  to  fig  was  obtained  for  £n,disl  >  £n}ideah  as 
shown  in  Fig.  2.  To  obtain  {(fig 0)  from  I-V  characteristics  consistent  with  those  obtained  from  measured  C-V 
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characteristics,  as  shown  in  Fig.2,  the  only  fitting  parameter  employed  has  been  the  aggregated  electrically- 
active  surface  area  of  the  ideal  and  dislocation-related  regions  as  the  saturation  currents  for  the  two  regions 
were  extracted  independently.  For  the  case  of  £nidist  ->  <f>Botdisi »  ^Bo.disi  ~  0  74  eV  ^BOtfeai  w  14 
from  the  pre-irradiated  characteristics  requiring  a  ratio  of  dislocation-affected  area  to  total  Schottky  diode  area 
Adisi/A  of  0.06±0.005;  that  is,  for  a  dislocation  with  a  circular  surface  area  with  radius  50  nm  the  areal 
dislocation  density  must  be  7.6±8  cm-2.  For  £n,disi  -+  0,  a  relatively  good  fit  could  be  only  be  obtained  for 
£n  — ♦>  and  Adisi/A  <  3xl0“4,  even  for  a  single  100  nm  diameter  dislocation  with  a  4>%BQ4isi  *** 

for  4^bo, ideal  «  L32*  For  case  of  Zntdisi  ->  £n, ideal,  the  required  Adisi/A  is  0.39±0.01  corresponding  to  a 
100  nm  diameter  dislocation  density  of  5±9  cm“2.  Although  no  assessment  of  dislocation  density  in  the  GaN 
epilayer  was  undertaken,  the  above  estimates  of  dislocation  areal  density  and  electrically-active  surface  area 
in  consistent  with  reported  dislocation-related  reverse-bias  leakage  spots  with  radii  of  40-150  nm  and  areal 
densities  of  108-109  [35,  37,  41,  42].  Since  it  is  possible  to  obtain  a  good  fit  to  the  various  characteristics 
using  different  assumptions,  it  is  likely  that  the  regions  characterized  by  a  low-barrier-height  are  the  aggregated 
effect  of  different  types  of  dislocations  (edge  threading  dislocations  are  likely  to  be  charged  but  depleted  of 
carriers  and  screw-type  dislocations  have  been  correlated  to  localized  reverse-bias  leakage  spots  [35,  37,  41- 
43,  49,  50]).  In  the  preceding  analysis  the  total  area  of  dislocation-dominated  regions  refer  to  the  area  in 
immediate  vicinity  of  the  metal-GaN  interface  and  do  not  imply  that  dislocations  exhibit  a  similar  degree  of 
electrical  activity  or  influence  deeper  into  underlying  epitaxial  film.  Nonetheless,  it  is  important  to  note  that 
the  parameters  obtained  in  the  preceding  analysis  provide  a  clear  indication  that  the  degradation  in  device 
most  significant  observation  that  can  be  arising  from  the  preceding  analysis  is  that  the  observed  degradation  in 
device  l-V  characteristics  is  dominated  by  dislocation  related  effects.  It  is  interesting  to  note  that  the  value  of 
extracted  barrier  height  for  the  dislocation-free  area  ranges  from  1.32-1.45  eV  is  in  excellent  agrement  with  the 
experimental  value  of  1.4±0.1  eV  for  Ni/n-GaN  obtained  X-ray  and  synchrotron  photoemission  spectroscopies 
[33,  51].  While  it  can  be  argued  that  the  models  proposed  by  R.  T.  Tung  are  perhaps  more  appropriate  for  the 
interfacial  inhomogeneities  herein  considered  [46],  the  simple  models  herein  employed  include  effects  related  to 
charge  accumulation  and/or  depletion  along  the  dislocation-axis  which  are  absent  in  other  models.  Nevertheless, 
and  for  the  sake  of  completeness,  analysis  of  the  device  characteristics  using  R.  T.  Tung’s  models  were  also 
undertaken.  However,  neither  of  these  models  were  able  to  yield  fits  as  good  as  those  obtained  for  the  various 
€n,disi  herein  considered.  It  is  noted  that  while  the  same  value  for  A **  has  been  used  for  both  dislocation-related 
and  dislocation-related  regions,  its  effect  on  the  barrier  height  of  the  dislocation-related  regions  is  negligible 
(^Bo.disi  decreasing  by  0.06  eV  per  order  of  magnitude  reduction  in  A**). 

While  the  agreement  between  (^0)  an4  shown  in  Fig.2  is  remarkable  given  that  a  unique  value  of 
dislocation-related  active  area  has  been  employed  throughout,  the  increase  of  0.08  eV  in  <t>] g  after  1  Mrad(Si) 
irradiation  exposure  cannot  be  associated  with  dislocation-related  effects  and  is  likely  to  be  due  to  either 
radiation-induced  re-ordering  at  the  metal-GaN  interface  or  to  introduction  of  a  thin  layer  of  acceptor-like 
interfacial  defects.  Firstly,  deposition  of  Ni  on  GaN  has  been  reported  to  introduce  Vn -related  defects  at  the 
metal-GaN  interface  [33],  which  are  likely  to  appear  as  a  thin-interfacial  ra-layer  since  these  defects  are  donor¬ 
like  Vn  [17].  The  modification  of  the  potential  thus  induced  results  in  a  reduction  of  the  reverse  bias  depletion 
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capacitance  and  in  an  extracted  value  of  bamer  height  from  C  3— V  characteristics  which  underestimates  the 
true  <jf%.  In  this  case,  irradiation  could  induce  re-incorporation  of  N  desorbed  during  metal  deposition  or  from 
nearby  Ni  produced  by  irradiation  [33].  This  argument  is  supported  by  the  observation  of  improved  GaAs  and 
GaN  diode  characteristics  after  relatively  low  irradiation  doses  [11,  52],  and  by  the  observation  improvement 
in  I-V  characteristics  up  to  160  °C  —  a  temperature  range  over  which  Ni  is  expected  to  be  sufficiently  mobile 
[53],  On  the  other  hand,  since  it  is  also  likely  that  the  doses  employed  could  induce  interfacial  defect-states  via 
displacement  of  N  and  Ga  species  from  their  sublattice  sites.  A  net  accumulation  of  acceptor-like  defects,  such 
as  Ni  and  VGa  and  possibly  in  N  antisites  (NGa),  at  the  interface  would  induce  the  appearance  of  a  negatively 
charged  region  in  the  vicinity  of  the  Ni/GaN  interface  resulting  in  an  apparent  increase  in  Schottky  barrier 
height  with  irradiation  dose.  Of  these  two  mechanisms,  the  case  of  radiation-induced  reordering  is  perhaps  the 
most  likely  since  it  takes  into  account  N-vacancies  introduced  during  Ni  deposition  [33]  and  it  does  not  require 
a  significant  concentration  of  Ni  and/or  VGa  at  the  metal-GaN  interface.  It  should  be  noted  that  during  thermal 
annealing  Ni  and  VGa  will  have  finite  probability  of  migration  and  will  tend  to  move  into  the  bulk  due  to  the 
electric  field  gradient  in  the  space  charge  region  [54]. 

Recent  calculations  of  defect  migration  barriers  indicate  that  both  Ni  and  VGa  are  mobile  at  the  annealing 
temperatures  here  employed,  as  indicated  by  the  activation  energies  of  the  defect  migration  processes  involved 
in  the  annihilation  of  the  radiation  induced  defects  as  obtained  from  DLTS  measurements  and  presented  in  the 
following  section  [53].  Migration  of  isolated  Ni  and  VGa  towards  the  bulk  would  result  a  reduction  of  carrier 
concentration.  Furthermore,  mobile  isolated  Ga  vacancies  can  become  trapped  by  oxygen  substitutional  on  N 
sites  (On),  which  is  most  likely  donor  in  the  undoped  epitaxial  GaN,  and  results  in  the  formation  of  VGa-ON 
acceptor  defect  complexes  [7].  The  latter  are  known  to  be  immobile  in  the  annealing  temperature  range  herein 
employed.  Thermal  annealing  would  then  result  in  an  increase  in  background  acceptor  concentration  and  a  net 
reduction  in  free  carrier  concentration  which  is  consistent  with  our  observations.  Given  that  VGa-ON  are  double 
acceptors,  a  decrease  of  2.4±1.0xl015  cm-3  requires  approximately  7.7±3.0xl014  cm-3  VG£1-On  centers 
and  the  introduction  of  an  equivalent  concentration  of  isolated  VGa  defects  during  irradiation.  This  concentration 
is  an  order  of  magnitude  greater  than  that  of  the  VN-related  defects  detected  by  DLTS.  It  is  important  to  note 
that  Vn  defect  introduction  rates  are  expected  to  be  higher  that  those  of  VGa  for  Compton  electrons  with  a 
mean  energy  of  -0.7  MeV  [17].  The  relatively  low  defect  production  rates  observed  for  VN-related  defects  may 
be  a  consequence  of  spontaneous  recombination  of  Ni-Vn  pairs  during  irradiation  resulting  from  the  relatively 
high  energy  barriers  for  defect  migration  of  Vn  and  Ni  [53].  In  contrast,  radiation-induced  Gaj— VGa  pairs  are 
likely  to  be  separated  during  irradiation  due  to  the  relatively  high  mobility  of  Gai  at  room  temperature  and  its 
susceptibility  to  electronically  enhanced  migration  [2,  5,  6,  53].  Given  that  the  reduction  in  earner  concentration 
with  annealing  temperature  is  likely  to  be  due  to  a  significant  concentration  of  radiation-induced  VGa-related 
acceptors,  a  significant  concentration  of  is  consequently  produced  during  irradiation.  On  the  other  hand,  and 
taking  into  account  that  Gai  is  the  only  radiation-induced  lattice  point  defect  known  to  be  mobile  at  room 
temperature  [2,  5,  6,  53],  it  is  likely  that  Gai  plays  a  dominant  role  in  the  post-irradiation  recovery  of  reverse 
I-V  characteristics  observed  after  prolonged  storage  at  room  temperature  and  after  annealing  temperatures  up  to 
160  °C.  Further,  the  dislocation-related  decrease  in  barrier  height  observed  in  the  I-V  characteristics,  evidenced 
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in  Fig.  2,  is  likely  to  be  attributable  to  the  interaction  of  Gai  segregated  from  the  bulk  with  Ni  at  the  interface 
between  metal  and  dislocation  surface  terminations  [33]. 

************************ ******************************************* 

NOTE:  -  Possible  alternative  explanation:  Hydrogen 

H  is  an  amphoteric  defect  which  has  a  relatively  low  migration  barrier  (0.9- 1.4  eV)  when  in  the  (+)  state  but  its  formation 
is  favorable  under  p-type  growth  conditions.  Under  the  thermodynamic  equilibrium  conditions  of  n-type  growth,  the  (+) 
state  has  a  high  formation  energy  and  the  (-)  charge  state  is  favored...  but  H_  has  a  high  barrier  for  migration  (2-2.2  eV). 
Note  that  what  this  essentially  means  is  that  the  charge  state  and  defect  mobility  depends  on  Fermi  level  position.  Since 
as-grown  n-GaN  has  a  high  concentration  of  relatively  immobile  H_,  the  change  in  Fermi  level  induced  during  irradiation 
can  induce  a  change  in  the  (-)  state  to  (-)  by  emission  of  two  electrons  (only  during  irradiation)  these  then  can  efficiently 
passivate  acceptor  defects:  isolated  VGa'3  and  (Vn-On)“2  and  isolated  Ni-.  Particularly  because  high  concentrations  of 
H  are  likely  in  as  grown  GaN,  it  is  likely  that  H  plays  a  significant  role  in  the  reduction  in  carrier  concentration,  BUT  BUT 
BUT  the  dissociation  energies  of  these  defects  are  not  known  and  it  is  thus  difficult  to  justify  the  carrier  reduction  and 
defect  annihilation  process  on  the  grounds  of  H-related  effects.  Particularly  in  the  context  of  recently  published  theoretical 
calculations  which  indicate  defect  migration  barriers  for  Ni  and  Vg&  in  the  1. 4-2.0  eV  range,  (the  binding  energies  of 
H-defect  complexes  would  have  to  be  in  this  range  to  justify  such  this  alternative  view)... 

End  of  note 

******************************************************************* 


B.  Deep-level  Transient  Spectroscopy 

To  further  investigate  the  characteristics  of  the  radiation  induced  defects,  the  sample  exposed  to  21  Mrad(Si)  cumulative 
gamma-ray  dose  was  isochronally  annealed  for  30  min  at  temperatures  ranging  from  80  to  350  °C.  The  evolution  of  the 
defect  characteristics  was  monitored  by  DLTS  measurements  over  the  60  to  150  K  temperature  range.  The  results,  presented 
in  Figs.  7  and  6,  indicate  that  these  defects  are  stable  at  temperatures  below  100  °C  and  confirm  that  the  broad  emission 
initially  labeled  as  G a  is  indeed  formed  by  the  convolution  of  the  G2  and  G$  defects. 

For  the  extraction  of  the  activation  energy  of  the  defect  annihilation  process  we  have  assumed  that  the  carrier  emission 
activation  energies  and  capture  cross-sections  of  the  three  radiation-induced  defects  did  not  shift  with  annealing  temperature. 
The  isochronal  thermal  annealing  characteristics  were  fitted  using  a  first  order  of  reaction  model: 

NT(Ti+1)  =  NT(Ti )  x  exp  j-i/  At  exp  }  dO 

where  Nt(T)  is  the  fraction  of  annealed  defects  after  annealing  at  a  temperature  T*,  with  i  indicates  the  isochronal  step, 
At  is  the  annealing  time,  v  is  a  frequency  factor  ( v  —  1013  s“\  commonly  assumed),  and  Eta  is  the  activation  energy 
of  the  process  that  leads  to  defect  annihilation  [53,  55]. 

The  annealing  characteristics  of  the  three  defects  followed  a  similar  trend,  as  evidenced  in  Figs.  6  and  7,  manifesting 
typically  sharp  defect  annihilation  transitions  between  250  and  350  °C  with  the  annihilation  temperature  of  G3  slightly 
higher  than  that  of  G\  and  G2.  A  relatively  slow  stepwise  decrease  in  defect  concentration  below  250  °C  affects  the 
annealing  curve  of  the  three  defects. 

To  obtain  an  adequate  fit  to  the  experimental  characteristics,  three  different  defect  recombination  processes  were  necessary 
for  each  irradiation  induced  level.  Interestingly,  the  activation  energies  obtained  by  independently  fitting  the  defect  annealing 
characteristics  below  250  °C  are  nearly  identical  and  are  likely  to  arise  from  Vn-Ni  pair  recombination  as  these  activation 
energies  are  consistent  with  the  1.6  eV  barrier  energy  for  migration  of  Nias  calculated  by  S.  Limpijumnong  and  C.G.  Van 
de  Walle  [53].  On  the  other  hand,  the  activation  energy  of  1.77-1.92  extracted  above  250  °C,  is  in  excellent  agreement 
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with  the  activation  energy  for  migration  of  Vg&  [53],  Aside  from  defect  complexing  induced  by  interaction  with  native  On 
donors,  Vgb  migration  may  result  in  annihilation  of  Vn  by  formation  of  Voa-VN  di-vacancies,  double  acceptor  defects, 
resulting  also  in  a  decrease  of  carrier  concentration  [5,  7]. 

IV.  Conclusions 

Hmmrn...  too  many...  I  may  have  to  break  this  paper  into  two. 
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ANNEALING  CHARACTERISTICS  OF  THREE  SHALLOW  RADIATION-INDUCED  DEFECTS.  THE  INDICATED 
RATIOS  CORRESPOND  TO  THE  RELATIVE  INFLUENCE  OF  DIFFERENT  THERMALLY  ACTIVATED  DEFECT 
ANNIHILATION  MECHANISMS  AFFECTING  ALL  DEFECTS. 


Defect 

Label 

ETa 

(eV) 

Ratio 

(%) 

Defect 

Label 

ETa 

(eV) 

Ratio 

(%) 

Defect 

Label 

Eta 

(eV) 

Ratio 

(%) 

Gi 

1.77±0.01a 

82±4 

G2 

1.80±0.01a 

66±3 

Gs 

1.92±0.01a 

70±4 

1.52±0.05 

5±2 

1.56±0.04 

17±5 

1.57±0.02 

13±4 

1.35±0.10 

12±3 

1.35±0.04 

18±4 

1.36  ±0.02 

17±4 

'process  inducing  complete  defect  annihilation 
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Voltage  [V] 


Fig.  1.  Effect  of  isochronal  thermal  annealing  on  C~2-V  diode  characteristics  (showing  only 
one  of  every  5  experimental  data  points);  note  the  nearly  constant  intercept  with  the  Voltage- 
axis  and  the  increased  gradient  for  annealing  temperatures  >  250  °C.  Inset:  Free  electron 
concentration  as  a  function  of  annealing  temperature. 
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measurements  before  irradiation  are  indicated  by  dashed  and  <f>cg  was  1.14  eV  before  irradiation.  LT  anneal  denotes  storage  at  27  °C  for  6  days,  and  thermal  annealing  in  N2  ambient  for  15 
minutes  at  50  °C.  The  isochronal  annealing  time  was  30  minutes  and  was  performed  in  N2  ambient 


Fig.  3.  Effect  of  isochronal  thermal  annealing  on  I-V  characteristics.  For  the  sake  of  clarity,  the 
characteristics  shown  are  for  annealing  steps  from  250  °C.  Note  that  the  significant  influence  of 
annealing  on  current  levels  near  1  V.  The  inset  shows  extracted  ideality  factor  for  all  annealing 
temperatures. 


Annealing  Temperature  [°C] 


Fig.  4.  Degradation  of  reverse  1-V  characteristics  with  isochronal  thermal  treatment  for  different 
biasing  levels  (bias  is  indicated  next  to  each  curve). 


Forward  Current  [A] 


Fig.  5.  Experimental  and  modeled  forward  I-V  characteristics  of  an  Ni/GaN  diode  exposed  to 
21  Mrad(Si)  after  room-temperature  annealing  for  six  day  plus  a  15  minutes  at  50  °C. 
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Fig.  6.  DLTS  spectra  after  each  30  min  isochronal  annealing  step.  The  accumulated  gamma 
ray  dose  was  21  Mrad(Si),  the  rate  window  is  en  =  1.02  s"1  with  tv  =  10  s. 
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Magnetoresistance  characteristics  of  gamma- 
irradiated  Alo.35Gao.65N/GaN  HEMTs 
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ABSTRACT 

The  effect  of  60 Co  gamma-irradiation  on  the  device  characteristics  of  Alo.35Gao.6sN-GaN  heterojunction  field 
effect  transistors  (HFET)  has  been  investigated  using  DC  and  geometrical  magnetoresistance  measurements.  Cu¬ 
mulative  gamma-ray  doses  up  to  20  Mrad(Si)  are  shown  to  induce  drain  current  degradation,  negative  threshold 
voltage  shifts  and  reverse  gate  leakage  current  degradation.  Analysis  of  drain  magneto-conductance  character¬ 
istics  measured  at  80  K  indicated  an  increase  in  two-dimensional  electron  gas  (2DEG)  sheet  concentration  with 
accumulated  radiation  dose.  More  importantly,  the  2DEG  mobility-concentration  characteristics  are  noted  to 
remain  approximately  constant  for  total  gamma-radiation  doses  up  to  20  Mrad(Si),  indicating  that  the  areal 
density  of  radiation-induced  defects  at  the  heterointerface  is  likely  to  be  negligible.  The  threshold  voltage  shifts 
are  therefore  attributable  to  the  introduction  of  relatively  shallow  radiation-induced  defects  in  the  AlGaN  barrier 
region  and/or  to  defects  introduced  at  the  gate-barrier  interface.  Although  the  drain  conductance  characteristics 
manifested  similar  degradation  trends  at  80  and  300  K,  the  2DEG  parameters  obtained  at  300  K  exhibited  signif¬ 
icant  scatter  with  increasing  dose,  possibly  a  manifestation  of  device  instabilities  induced  by  radiation-induced 
surface  defects  in  the  ungated  access  region  near  the  edge  of  the  gate.  Device  failure  due  to  severe  gate  leakage 
and  loss  of  gate  control  over  the  2DEG  charge,  occurred  after  a  total  dose  of  30  Mrad(Si). 

Keywords:  Gallium  Nitride,  Aluminum  Gallium  Nitride,  Radiation-induced  effects,  Magnetoresistance,  Het¬ 
erostructures,  Two-dimensional-electron-gas,  Field-effect-transistor,  HEMT,  HFET 

1.  INTRODUCTION 

Due  to  their  low  susceptibility  to  radiation-induced  displacement  damage,  the  Ill-nitride  semiconductor  alloys 
are  attractive  for  the  development  of  electronic  devices  capable  of  reliable  operation  in  high-energy  radiation 
environments.1’2  In  particular,  AlGaN/GaN  heterostructure  field  effect  transistors  are  promising  for  satellite, 
military  and  nuclear  applications  requiring  high  speed,  high  output  power  and  high  tolerance  to  radiation- 
induced  degradation.3 

Over  the  past  few  years,  exposure  to  various  forms  of  high-energy  radiation  has  been  employed  to  study 
the  effect  of  controllably  introduced  point  defects  on  the  optical  and  electrical  properties  of  GaN-based  mate¬ 
rials.2,4"9  The  low  defect  production  rates  reported  in  these  studies  have  demonstrated  the  low  susceptibility 
of  GaN  to  radiation  induced  damage.  However,  the  reliability  of  electronic  devices  operating  in  high-energy 
radiation  environments  is  not  only  determined  by  the  vulnerability  of  the  semiconductor  material  to  radiation- 
induced  degradation  but  is  also  dependent  on  the  susceptibility  of  surfaces,  interfaces,  contacts  and  passivation 
layers  to  radiation-induced  degradation.10-12  Since  the  radiation  hardness  of  GaN-based  HFETs  is  likely  to 
manifest  similar  dependence  on  device  topology  and  fabrication  technology,  it  is  incorporate  those  elements  in 
the  investigation  of  radiation-induced  effects  on  device  performance  and  reliability. 

Perhaps  one  of  the  earliest  indications  of  radiation-induced  device  degradation  in  Ill-nitride-based  devices 
can  be  found  in  the  report  of  Fang  et  al .,13  where  it  was  briefly  noted  that  exposure  of  Schottky  diodes  to  1  MeV 
electrons  induced  significant  reverse  leakage  current  degradation.  In  a  recent  report,  we  noted  that  while  the 
defect  production  rates  are  very  low,  the  tolerance  of  Ni/GaN  Schottky  diodes  to  radiation-induced  damage 
was  limited  by  degradation  at  the  metal-GaN  interface.14  Exposure  of  GaN-based  heterostructure  light  emitting 
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diodes  to  high-energy  proton  irradiation  has  been  reported  to  introduce  non-radiative  recombination  centers 
which  affect  the  device  optical  characteristics  more  severely  than  electrical  characteristics.15,16  Reports  on  the 
effect  of  irradiation  on  AlGaN/GaN  HFETs  are  relatively  few,  with  recent  reports  indicating  that  exposure  to 
high  energy  protons  and  gamma-rays  affect  DC  and  RF  performance.17-20  The  very  high  doses  employed  in 
these  studies,  and  the  relatively  low  level  of  degradation  observed,  indicate  that  Ill-nitride-based  HFETs  are 
indeed  superior  to  their  GaAs-based  counterparts  in  terms  of  radiation  hardness. 

In  this  report,  we  present  results  of  a  magneto-transport  study  of  AlGaN/GaN  HFETs  exposed  to  total  60Co 
gamma-ray  doses  up  to  20  Mrad(Si).  Two-dimensional  electron-gas  transport  (2DEG)  parameters  were  extracted 
from  geometrical  magneto-resistance  measurements  of  short  gate-length  HFETs  at  80  and  300  K.  Irradiation 
exposure  is  shown  to  induce  drain  current  degradation,  negative  threshold  voltage  shifts  and  reverse  gate  leakage 
current  degradation.  Analysis  of  drain  magneto- conductance  characteristics  at  80  K  indicated  increased  two- 
dimensional  electron  gas  sheet  density  with  accumulated  radiation  dose,  which  resulted  in  shifts  of  the  threshold 
voltage  towards  more  negative  gate  biases.  Importantly,  the  2DEG  mobility-concentration  characteristics  are 
noted  to  remain  approximately  constant  for  total  gamma-radiation  doses  up  to  20  Mrad(Si),  indicating  that  the 
areal  density  of  radiation- induced  defects  at  the  heterointerface  is  likely  to  be  negligible.  The  threshold  voltage 
shifts  are  therefore  attributable  to  the  introduction  of,  relatively  shallow,  radiation-induced  defects  centers  in  the 
AlGaN  barrier  region  or  to  defects  introduces  at  the  interface  between  the  gate  Schott ky  contact  and  the  AlGaN 
barrier  layer.  Although  the  drain  conductance  characteristics  manifested  similar  degradation  trend  at  80  and 
300  K,  the  2DEG  parameters  obtained  at  300  K  exhibited  significant  scatter  with  increasing  dose;  which  likely  to 
be  a  manifestation  of  effects  associated  with  radiation-induced  surface  defects  in  the  ungated  access  region  near 
the  edge  of  the  gate  contact,  and/or  thermally  activated  device  instabilities  associated  with  radiation-induced 
defects.  Device  failure  due  to  excessive  gate  leakage  and  loss  of  gate  control  over  the  2DEG  charge,  occurred 
after  a  total  dose  of  30  Mrad(Si). 

2.  DEVICE  AND  EXPERIMENTAL  DETAILS 

Field-effect  transistors  were  fabricated  on  heterostructures  grown  on  c-plane  sapphire  by  metal-organic  chemical 
vapor  deposition  at  the  University  of  California,  Santa  Barbara.  The  epitaxial  structure  consisted  of  a  low 
temperature  grown  GaN  nucleation  layer  of  200  A  thickness  followed  by  3.4  ^m  of  undoped  GaN  grown  at  high 
temperature.  This  was  followed  by  the  growth  of  150  A  of  nominally  undoped  Alo.35Gao.65N  as  the  top  layer. 
The  device  used  in  this  study  was  a  split  source  heterostructure  field  effect  transistor  with  an  active  area  defined 
by  a  100  fim  wide  and  0.7  /zm  long  Ni/Au  gate.  The  source  and  drain  contacts,  formed  using  thermally  annealed 
Ti/Al/Ni/Au  metallization,  had  a  separation  of  2.4  /zm.  The  source-gate  separation  was  0.7  /zm. 

The  magnetoresistance  characteristics  were  obtained  from  measurement  of  drain,  source  and  gate  currents 
for  gate  voltages  of  -4.5  <  Vgs  <  0.5V  at  a  drain-source  voltage  of  Vds  =  0.1V.  These  measurements  were 
performed  for  26  magnetic  fields  in  the  range  of  0  to  12  T,  at  device  temperatures  of  80  and  300  K.  Exposure 
to  60Co  gamma-rays,  with  an  average  energy  of  1.25  MeV,  was  realized  in  an  AECL  Gammacell  220  ^Co- 
irradiator  at  an  average  dose  rate  of  2  krad(Si)/min.  All  irradiations,  to  cumulative  gamma-ray  doses  from  1.5 
to  20  Mrad(Si),  were  performed  at  room  temperature  in  a  nitrogen  ambient  with  drain,  source  and  gate  contacts 
electrically  shorted.  The  sample  was  held  at  room  temperature  for  at  least  3  hours  before  any  measurements 
were  taken  to  avoid  possible  short-term  post-irradiation  effects.  Since  a  previous  study  of  gamma-irradiated 
Ni/GaN  Schottky  diodes  indicated  that  low  temperature  (<  50°C)  annealing  affects  post-irradiation  device 
characteristics,14  the  applied  drain  bias  not  allowed  to  exceeded  0.1  V  to  avoid  device  self-heating  and  possible 
unintentional  annealing  of  radiation-induced  defects.21,22 

The  as-fabricated  HFET  drain-current  characteristics  ( Ids~Vgs )  manifested  unusually  lower  drain  current 
levels  at  80  K  than  at  300  K,  evident  in  Fig.  1,  due  to  temperature  dependent  series  resistance.  High  parasitic 
series  resistances  are  known  to  affect  the  accuracy  of  transport  parameters  extracted  using  magnetoresistance 
measurements,23  it  was  hence  necessary  to  develop  a  procedure  to  extract  the  magnetic-field  dependent  chan¬ 
nel  conductance  and  parasitic  resistances  from  the  Ids-Vgs  characteristics  measured  at  various  magnetic  field 
intensities.  A  brief  outline  of  the  analysis  method  is  presented  in  the  following  section,  a  detailed  description  of 
the  method  has  been  published  elsewhere.24 
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Figure  1.  Drain  current  characteris¬ 
tics  before  sample  exposure  to  gamma- 
radiation  from  a  60  source.  The  lower 
drain  current  at  80  K  is  caused  by  the 
temperature-dependent  parasitic  resis¬ 
tance  of  the  drain/source  ohmic  con¬ 
tacts. 
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Figure  2.  Schematic  representations 
of:  (a)  Gateless  AlGaN/GaN  device 
structure,  (b)  AlGaN/GaN  HFET. 
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Figure  3.  Effect  of  applied  magnetic 
field  on  the  drain  conductance  charac¬ 
teristics,  before  device  irradiation.  Solid 
lines  represent  the  fit  to  the  experimen¬ 
tal  data  (open  symbols)  obtained  using 
the  analysis  procedure  described  in  this 
work. 


3.  ANALYSIS  METHODOLOGY 

The  effect  of  parasitic  resistances  on  2DEG  magneto-transport  parameters  is  best  illustrated  by  first  considering 
the  simple  gateless  AlGaN/GaN  device  structure  of  Fig.2(a).  For  a  single  dominant  carrier,  the  magnetic-field 
dependent  channel  conductance  GS(B)  is  given  by 


Rs~\B)  =  GS(B)  = 


qNsfi3  W 


(i) 


where  Ns  and  fis  are  the  2DEG  sheet  carrier  concentration  and  mobility,  respectively;  W  and  L  are  the  width 
and  length  of  the  device,  and  B  is  the  magnetic  field  intensity  perpendicular  to  the  AlGaN/GaN  interface.  In 
the  case  of  non  negligible  contact  resistance  Rc  =  Rci  +  -Rc2,  the  apparent  2DEG  concentration  Nrn  and  mobility 
fxm,  obtained  by  neglecting  Rc,  is  related  to  Ns  and  fis  by:23 

Ns  =  Nm(  1  -  Rc/Rt{0))~1/2-,  Vs  =  Vrn{  1  -  Rc/Rt(0))~1/2  (2) 


where  Rc  has  been  assumed  to  be  independent  of  the  magnetic  field.  The  above  corrections  are  particularly 
valuable  to  extract  accurate  2DEG  transport  parameters  when  the  contact  resistance  is  known,  or  when  the 
measurements  are  performed  on  structures  with  different  inter-contact  separation  L 

For  case  of  gated  structures,  such  as  the  AlGaN/GaN  HFETs  schematically  depicted  in  Fig. 2(b),  the  total 
device  magnetoresistance  Rt{B)  is  affected  by  Rc  and  by  the  magnetoresistance  of  the  ungated  gate-to-source 
and  gate-to-drain  access  regions  Rug(B)  =  Rug\  +  Rug2 ■  It  can  shown  that  the  true  Ns  and  (j,s  are  related  to 
the  apparent  Nm  and  /im,  obtained  by  neglecting  Rc  and  Rug(B):24 

fjLS  =  fimK, L*r2;  Ns  =  NMK2  (3) 


with 

_  1/2 

(Rug( 0)  H~  ^c)/^ug>m  /^\ 

Rt(  o)/4U  J 

where  fiug  and  fiu9im  are  the  true  and  apparent  mobilities  in  the  access  regions  (the  latter  assuming  Rc  =  0), 
respectively.  i?c,  Rug  and  fiug  are  necessary  for  the  extraction  of  accurate  2DEG  channel  transport  parameters 
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but  are  generally  unknown.  Nevertheless,  the  above  expressions  are  can  be  used  to  implement  a  computationally 
efficient  algorithm  to  obtain  Ns  and  /xs  from  estimates  of  Rc ,  Rug  and  (iug . 

To  obtain  estimates  of  Rug  and  \iug,  we  have  employed  the  conventional  HFET  linear  charge  control  model 
in  which  the  2DEG  sheet  carrier  concentration  in  the  channel  is  a  linear  function  of  applied  gate  bias:25-27 

qNs  =  C2D(Vgs-VT )  (5) 

where  Vt  is  the  threshold  voltage,  and  C2d  =  e&/(d  +  Ad)  is  the  parallel  plate  approximation  to  the  gate-to- 
channel  capacitance.  The  static  dielectric  permittivity  of  the  barrier  layer  is  e&,  and  d  +  Ad  denotes  the  effective 
location  of  the  2DEG  from  the  gate  electrode.  The  2DEG  concentration  in  the  ungated  access  regions  can  also 
be  modelled  by  a  similar  expression: 

qNSiUg=C2D(-VT,u9)  (6) 

here  NSiUg  is  the  2DEG  concentration  in  the  ungated  access  region  and  Vt,u9  is  a  threshold  voltage  that  denotes 
the  external  surface  “biasing”  required  to  extinguish  the  2DEG  in  the  ungated  access  regions.  In  (6)  the  surface 
bias  term  has  been  omitted  because  we  have  assumed  it  to  be  negligible  at  low  drain  bias.  Although  this  model 
for  the  2DEG  charge  in  the  ungated  region  is  quite  simple,  it  is  consistent  with  the  localized  modulation  of 
the  2DEG  induced  by  charge-injection  into  surface-states  of  the  ungated  access  region  reported  in  AlGaN/GaN 
HFETs  subjected  to  bias  stress.28  Using  (5)  and  (6),  the  threshold  voltage  in  the  ungated  access  region  can  be 
more  conveniently  expressed  as: 


VTtug  =  ~{VccH~Vt) 


which  allows  (6)  to  be  rewritten  as: 

qNs>ug  =  C2D(Vcch  -  VT)  (7) 

with  Vcch  denoting  the  continuous  channel  voltage,  or  gate  bias  required  to  induce  the  same  2DEG  concentration 
in  the  gated  channel  and  in  the  ungated  access  regions.  It  should  be  noted  that  in  this  context,  C2d  represents 
the  average  capacitance  of  the  2DEG  with  respect  to  the  surface  of  the  ungated  region  and  the  gate  electrode. 

Using  (7),  the  resistance  of  the  gated  and  ungated  channel  access  region  can  be  expressed  in  terms  of  the 
total  device  resistance: 


Rug(B)  =  —T  —  [RT(Vcch,  B)  -  Rc\ 

Lids 

Rs(Vgs,B)  =  Rr(Vgs,  B)  -  RT(Vcch,  B)  - 


-  Rc 


1 


Lds  L/g 

L/ds 


(8) 

(9) 


where  the  functional  dependence  on  Vgs  and  B  has  been  emphasized.  A  special  case  of  (9)  for  Rc  =  0  ft  and 
VCch  =  0  V,  was  employed  by  to  analyze  the  magnetoresistance  of  Alo.25Gao.75N/GaN  MODFETs.29  While  the 
main  difficulty  in  the  applicability  of  the  above  expressions  is  the  need  to  know  both  Vcch  and  Rc ,  it  can  be 
partly  circumvented  by  employing  a  non-linear  least-squares  fitting  procedure  to  estimate  at  least  one  of  these 
parameters  if  the  other  is  known,  or  assumed.  It  should  be  noted  that  any  algorithm  using  simultaneous  fitting  of 
VCch  and  Rc  leads  non  unique  solutions.  Fortunately,  in  practical  HFET  structures  the  assumption  of  Vcch  =  0  V, 
as  employed  by  Antoszewski  et  al  29  is  an  adequate  approximation  to  the  ungated  channel  conductance;  Rc  can 
then  be  obtained  by  fitting  the  experimental  Ids~Vgs  characteristics  as  a  function  of  magnetic  field  to  1,  4,  5,  8 
and  9. 

For  the  analysis  of  the  experimental  data  presented  herein,  we  have  assumed  Vcch  =  0  V  and  treated  Rc, 
C2d  and  Vr  as  fitting  parameters.  The  worst  error  in  Ns  and  \is  is  estimated  to  be  <15%  if  the  true  Vcch  is  in 
the  range  of  -0.5  to  0.5  V.  As  illustrated  in  Fig.  3,  the  fitted  characteristics  adequately  describe  the  measured 
magnetic-field- dependent  drain  conductance  characteristics  Gds~Vgs. 
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Figure  4.  2DEG  carrier  transport  characteristics  extracted  from  magnetoresistance  measurements  before  device  irradiation:  (a) 
2DEG  sheet  carrier  concentration  Na  with  gate-bias,  (b)  2DEG  mobility  fis  with  gate  bias,  and  (c)Dependence  of  2DEG  mobility 
on  2DEG  concentration. 
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Figure  5.  Effect  of  gamma- radiation  exposure  on  the  drain-current  characteristics 
of  an  AlGaN/GaN  HFET  measured  at:  (a)  80  K,  and  (b)  300  K. 


Figure  6.  Threshold  voltage  shift 
induced  by  exposure  to  cumulative 
gamma-ray  doses  up  to  20  Mrad(Si) 


4.  RESULTS  AND  DISCUSSION 

As  previously  indicated,  the  Ids~Vgs  characteristics  measured  before  device  irradiation  manifested  lower  drain 
currents  at  80  K  than  at  300  K  (Fig.  1)  due  to  the  presence  of  temperature-dependent  high  series  resistance 
at  the  drain  and  source  contacts.  The  series  resistances,  extracted  using  the  analysis  of  the  magnetoresistance, 
are  78.8±0.1  ft  and  45.3±0.1  at  80  and  300  K,  respectively.  The  transport  characteristics  of  the  gated  2DEG 
channel  were  extracted  from  the  Id&—Vga  characteristics  measured  at  26  magnetic  fields  in  the  0  to  12  T  range. 
The  2DEG  concentration  Ns  and  mobility  iis  thus  extracted  are  shown  in  Fig.  4.  The  2DEG  mobility  of  the 
ungated  region  / is,ug  =  1492±34  cm2V-1s-1  at  300  K,  is  consistent  with  the  2DEG  mobility  of  1400  cm2V  1s~1 
obtained  from  room-temperature  Hall  measurements  on  the  as  grown  structure.  As  evident  in  Fig.  4(a),  the 
gradient  of  the  Ns-Vgs  characteristics  decreased  at  higher  temperature,  with  C<in  of  4.05±0.01  and  3.90±0.01, 
at  80  and  300  K  respectively,  equivalent  to  an  increase  in  the  average  distance  of  the  2DEG  to  the  heterointerface 
of  about  9  A  at  300  K.  The  relatively  large  shift  in  threshold  voltage  A V?  =  0.313±0.005  V  evident  in  the 
Ids-Vgs  and  Ns-Vgs  characteristics  between  80  and  300  K  (Figs.  1  and  4(a))  is  generally  assumed  to  indicate 
the  presence  of  electrically  active  defects  in  the  AlGaN  barrier  region,  with  an  estimated  upper-bound  density 
of  1.4±18  cm-3.  Although  an  increase  in  2DEG  is  expected  to  result  a  reduction  in  Ad,  the  decrease  in  Ad  at 


156  Proc.  of  SPIE  Vo!.  5274 


Table  1.  Summary  of  parameters  extracted  from  the  fit  to  the  magnetic  field  dependent  Ids~Vgs  characteristics  at  80  K 


Dose 

(Mrad(Si)) 

C2D 

(  10-7  Fcm-2) 

VT 

(V) 

Rc 

m 

Nu<j 

(1012  cm-2) 

Pug 

(103  cm2  V“1s_1) 

0.0 

4.05±0.01 

— 3.27±0.01 

79.27±0.01 

8.30±0.23 

5.42±0.20 

1.5 

4.01±0.01 

-3.31±0.00 

79.44±0.01 

8.32±0.23 

5.43±0.20 

2.8 

4.16±0.01 

— 3.27±0.00 

83.74±0.01 

8.55±0.25 

5.73±0.16 

5.4 

3.88±0.01 

-3.31±0.00 

86.93±0.01 

8.07±0.21 

5.58±0.19 

10.0 

4.04±0.01 

— 3.35±0.00 

84.58±0.01 

8.50±0.25 

5.56±0.18 

20.0 

4.17±0.01 

— 3.41±0.00 

84.41±0.01 

8.96±0.31 

5.68±0.20 

Table  2.  Summary  of  parameters  extracted  from  the  fit  to  the  magnetic  field  dependent  I^s 

-Vgs  characteristics  at  300 

Dose 

C2d 

vT 

Rc 

NUg 

pug 

(Mrad(Si)) 

(  10-7  F  cm-2) 

(V) 

m 

(1012  cm"2) 

(103  cm2  V"1s_1) 

0.0 

3.90±0.01 

— 3.58±0.01 

46.42±0.06 

8.76±0.11 

1.49±0.03 

1.5 

3.58±0.02 

— 3.62±0.01 

45.47±0.10 

8.14±0.13 

1.36±0.04 

2.8 

4.39±0.01 

— 3.68±0.01 

52.23±0.02 

10.10±0.14 

1.66±0.02 

5.4 

3.47±0.01 

— 3.68±0.01 

55.79±0.06 

7.99±0.10 

1.33±0.03 

10.0 

2.98±0.03 

— 3.73±0.01 

46.66±0.27 

6.93±0.16 

1.12±0.05 

20.0 

3.72±0.01 

— 3.93±0.01 

55.92±0.05 

9.13±0.46 

1.82±0.09 

300  K  is  due  to  the  de-confining  effect  of  polar  optical  phonon  scattering.30 

The  Ids-VgS  characteristics  measured  after  exposure  to  increasing  total  gamma-ray  doses  are  shown  in  Fig.  5, 
where  it  is  evident  that  irradiation  affects  both  the  drain  current  Ids  and  induces  negative  threshold  voltage  shift. 
After  20  Mrad(Si),  radiation- induced  threshold  voltage  shifts  of  0.14±0.02  V  and  0.35±0.02  V  were  observed 
at  80  and  300  K,  respectively.  At  both  temperatures,  the  Ids-Vgs  characteristics  manifested  similar  radiation- 
induced  degradation,  the  magnitude  of  Ids  decreasing  monotonically  for  cumulative  doses  up  to  5.4  Mrad(Si)  but 
exhibiting  a  modest  recovery  after  subsequent  device  irradiation.  This  modest  recovery  in  Ids  was  accompanied 
by  relatively  larger  shifts  in  Vt  with  dose  as  shown  in  Fig  6.  For  the  characteristics  measured  at  80  K,  the 
degradation  in  Ids  at  gate  bias  near  F3S  =  0V  appear  to  be  strongly  correlated  to  to  the  the  effect  of  irradiation 
on  total  contact  resistance  Rc  as  shown  in  Fig.  7.  This  is  not  surprising  because,  as  discussed  earlier,  the  pre¬ 
irradiation  Ids-Vgs  characteristics  were  noted  to  be  dominated  by  a  high  contact  resistance.  In  contrast,  the 
degradation  observed  in  the  Ids~Vgs  at  300  K  did  not  manifest  such  a  good  correlation  with  RC)  indicating 
that  at  300  K  the  dominant  mechanism  responsible  for  device  degradation  with  dose  is  dominated  and/or 
measurements  are  affected  by  device  instabilities.  The  extracted  device  parameters  as  a  function  of  irradiation 
dose  are  summarised  in  Tables  1  and  2. 

Exposure  to  gamma-rays  was  noted  to  significantly  affect  the  reverse  bias  gate  leakage  current,  as  shown 
in  Fig.  8.  The  degradation  observed  at  80  K  was  relatively  worse:  At  a  gate  bias  of  Vgs  —  —4.5  V,  the  reverse 
leakage  currents  measured  before  irradiation  of  46.41  /l/.A  and  83.14  fiA  increased  to  to  402.36  /iA  and  317.45  fiA 
after  20  Mrad(Si)  at  80  and  300  K,  respectively.  The  radiation-induced  gate  leakage  current  increased  almost 
monotonically  with  dose,  but  manifested  a  minor  recovery  after  5.4  Mrad(Si)  that  coincides  with  the  dose  at 
which  the  maximum  degradation  in  Rc  occurred.  Interestingly,  significant  change  in  effect  of  gamma- irradiation 
has  been  noted  to  occur  at  doses  between  4  and  5  Mrad  in  at  n-GaN  Schottky  barrier  diodes.14’31 

From  measurements  performed  80  K,  the  2DEG  transport  characteristics  with  accumulated  gamma-ray  dose 
evidenced  an  shift  in  Ns-Vgs  toward  more  negative  gate  biases,  as  shown  in  (shown  in  Fig.  9(a)),  indicating 
increases  in  2DEG  charge  in  the  channel  with  increasing  dose.  Importantly,  the  mobility  at  a  fixed  2DEG 
concentration  remained  approximately  constant,  or  within  the  confidence  bands  of  Ns  and  /is,  for  all  irradiation 
doses  employed  in  this  study,  as  evidenced  in  Fig.  9(c).  The  combined  effect  of  a  negative  shift  in  Ns  and 
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Dose  (Mrad(Si)] 


Figure  7.  Effect  of  gamma-irradiation 
on  contact  resistance  Rc  and  drain  cur¬ 
rent  at  V*.  =  0.  Rc0  and  I^sO  denote 
the  pre-irradiation  values  of  Rc  and  Ids 


Gate  bias  [V] 

(a) 

Figure  8.  Effect  of  gamma-ray 
(a)  80  K,  and  (b)  300  K. 


(b) 

on  the  gate  current  charcteristics  at 


Figure  9.  Effect  of  total  gamma-irradiation  dose  on  the  2DEG  transport  characteristics  of  an  Alo.35GaNo.65/GaN  HFET  ex¬ 
tracted  from  magnetoresistance  measurements  at  80  K:  (a)  2DEG  concentration  with  gate  bias,  (b)  2DEG  mobility  with  gate 
bias,  and  (c)  2DEG  mobility-concentration  profiles. 


unchanged  fis- Ngs  characteristics  cause  an  apparent  increase  in  the  mobility  versus  gate  bias  characteristics 
with  dose  ,  as  shown  in  Fig.  9(b).  The  observed  absence  of  2DEG  mobility  degradation  seems  to  indicates  that 
the  density  of  radiation-induced  interfacial  defects  is  negligible.  The  low  production  rates  reported  in  gamma- 
irradiated  GaN  is  expected  to  result  in  a  radiation-induced  defect  concentration  below  1014  cm-3  in  the  channel 
GaN  epilayer,9’14’32  thus  their  effect  on  the  2DEG  mobility  and  the  threshold  voltage  is  likely  to  be  negligible. 
The  increase  Ns  and  negative  threshold  voltage  shifts  with  dose  are  hence  likely  to  arise  from  the  generation  of 
relatively  shallow  radiation-induced  defects  in  the  AlGaN  barrier  region  or  to  defects  at  the  gate-barrier  contact. 
If  we  assume  the  threshold  voltage  shift  is  due  solely  to  defects  in  the  AlGaN  barrier,  the  estimated  density 
of  radiation  induced  defects  is  7.3±0.2xl017  cm”3,  after  20  Mrad(Si),  corresponding  to  a  defect  1.25  MeV 
photons  defect  production  rate  for  18.3±0.6  cm"1  which  is  significantly  greater  than  the  reported  production 
rate  of  2.12xl0-3  cm-1  for  n-GaN  exposed  to  60  gamma-irradiation.  Alternatively,  interfacial  defects  at  the 
gate-barrier  interface,  with  a  sheet  density  of  approximately  1.1  xlO12  cm2,  could  also  be  responsible  for  the 
observed  threshold  voltage  shift  through  the  influence  of  piezoelectric  polarization  in  the  strained  AlGaN  barrier. 
It  is  likely  that  both  effects  influence  the  observed  device  characteristics. 


158  Proc.  of  SPIE  Vol.  5274 


W  V-/ 

Figure  10.  Effect  of  cumulative  gamma-irradiation  dose  on  the  2DEG  transport  characteristics  of  an  Alo.35GaNo.65/GaN  HFET 
extracted  from  magnetoresistance  measurements  at  300  K:  (a)  2DEG  concentration  with  gate  bias,  (b)  2DEG  mobility  with  gate 
bias,  and  (c)  2DEG  mobility- concentration  profiles. 


In  contrast  with  the  results  obtained  from  measurements  performed  at  80  K,  the  2DEG  parameters  extracted 
from  the  300  K  magnetoresistance  characteristics  manifested  significant  scatter  as  evident  in  Fig.  10.  This 
behavior  is  anomalous  because  the  Ids~Vgs  and  Ig~Vgs  characteristics  at  80  and  300  K  manifested  similar 
degradation  trends  with  radiation  dose.  It  is  important  to  note  that  in  the  magneto-transport  analysis  model 
employed  the  following  assumption  are  implicit:  (a)  The  2DEG  channel  dependence  on  gate  bias  remains  linear 
for  all  doses;  (b)  the  ungated  channel  magnetoresistance  is  approximated  by  Vcch  =  0  V  for  all  doses  (i.e. 
irradiation  effects  on  the  barrier  and  channel  regions  are  the  same  whether  in  the  gated  or  ungated  region).  At 
80  K  these  assumptions  appear  to  be  valid.  However,  it  is  possible  that  thermal  activation  of  radiation-induced 
defects  at  300  K  may  induced  effects  that  invalidate  the  above  assumptions:  Radiation-induced  surface  states 
uniformly  distributed  over  the  ungated  regions,  causing  the  surface  potential  to  be  different  from  the  assumed 
value  of  Vcch  =  Vgs  =  0  V;  surface- states  localized  near  the  gate  periphery  that  interact  with  the  gate  electrode 
via  a  combination  of  thermal  and  tunnelling  mechanisms;  and  other  radiation-induced  device  instabilities.  We 
have  attempted  to  ascertain  whether  radiation-induced  variations  in  Vcch ,  case  (a),  are  responsible  for  observed 
scatter  by  assuming  that  constant  /xs  remains  constant  for  all  irradiation  doses,  as  observed  at  80  K.  However, 
it  was  not  possible  to  obtain  a  satisfactory  value  of  Vckh  which  could  maintain  the  linear  Ns-Vgs  even  when  the 
2DEG  mobility  and  concentration  in  the  ungated  region  are  decoupled  from  VCCh •  It  is  thus  unlikely  that  uniform 
changes  in  the  surface  potential  of  the  ungated  regions  would  lead  to  the  observed  characteristics.  For  the  case 
of  localized  charge-trapping  states  in  the  vicinity  of  the  gate,  modulation  of  their  charge-state  would  lead  to 
an  apparent  gate- bias  dependent  series  resistance.  This  effect,  that  been  previously  reported  in  AlGaN/GaN 
HFETs  at  high  applied  drain  bias,28  is  likely  to  become  important  as  the  density  of  irradiation-induced  defects 
near  the  edge  of  the  gate  increases,  and  would  also  result  in  degraded  reverse  Ig-Vgs  characteristics.  Lastly, 
radiation-induced  defects  mobile  at  300  K  can  cause  a  change  in  device  characteristics  with  time.  While  we 
have  attempted  to  avoid  short-term  port-irradiation  effects  by  performing  measurements  at  least  3  hour  after 
irradiation,  magnetic  field  measurements  required  at  least  2  hours  to  be  completed.  It  should  be  noted  that 
defect  migration  would  be  significantly  reduced,  if  not  halted,  during  measurements  at  80  K. 

The  degradation  observed  is  significantly  worse  than  that  noted  in  previously  reported  irradiation  studies  of 
AlGaN/GaN  HFETs,17"20’33’34  particularly  because  device  failure  occurred  after  exposure  to  a  relatively  low 
total  dose  of  30  Mrad(Si)  due  to  excessive  gate  leakage  and  loss  of  2DEG  charge  control.  In  most  reports,  post¬ 
irradiation  device  characterisation  was  performed  using  Ids~Vds  and  Ids~Vgs  measurements  which  included  the 
drain  current  saturation  region,  known  to  induce  significant  device  self- heating.2 1,22  Since  the  characteristics 
of  gamma-irradiated  Schottky  barrier  diodes  have  been  reported  to  recover  to  pre-irradiation  levels  after  low 
temperature  treatment,  it  is  likely  that  device  self-heating  would  induce  unintentional  thermal  annealing  of 
radiation-induced  defects.  However,  and  since  AlGaN/GaN  HFETs  are  most  promising  for  high  output  power 


Proc.ofSPIEVol.5274  159 


applications,  device  self-heating  may  enhance  radiation  hardness  by  raising  the  dose  at  which  the  deleterious 
effect  of  irradiation  exposure  on  device  characteristic  is  evident.  It  should  be  noted  that  while  the  results  herein 
presented  are  consistent  with  reported  gamma-ray  induced  negative  threshold  voltage  shifts  and  drain  current 
degradation,  the  use  of  Ids~Vds  and  Ids~Vgs  characteristics  alone  has  not  been  sufficient  to  unambiguously 
identify  radiation  effects  on  2DEG  parameter. 

5.  CONCLUSIONS 

Low  temperature  magneto-transport  measurements  of  AlGaN/GaN  HFETs  exposed  to  total  ^ Co  gamma-ray 
doses  up  to  20  Mrad(Si)  indicate  that  irradiation  causes  an  increase  in  2DEG  density  yet  has  negligible  effect  on 
2DEG  mobility.  Device  irradiation  was  noted  to  also  induce  significant  negative  threshold  voltage  shift,  increased 
parasitic  drain/source  resistance  and  degradation  of  the  reverse  bias  characteristics  of  the  gate.  The  increase 
in  2DEG  density  and  the  negative  threshold  voltage  shift  indicate  the  introduction  of  defects  in  the  AlGaN 
barrier  region  or  at  the  gate/barrier  interface.  While  the  degradation  characteristics  measured  at  80  and  300  K 
were  similar,  the  2DEG  parameters  for  300  K  manifested  significant  scatter.  This  anomaly  is  interpreted  as 
arising  from  radiation-induced  defects  associated  with  surface-states  and/or  to  device  instabilities.  The  results 
herein  reported  indicate  radiation-induce  degradation  in  AlGaN/GaN  HFETs  results  from  effects  associated 
with  the  barrier  region,  and  the  ohmic  and  rectifying  contacts.  Mechanisms  influencing  device  susceptibility  to 
radiation-induced  device  degradation. 
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Abstract—! The  effects  of  proton  irradiation  at  various  energies 
are  reported  for  AlGaN/GaN  high  electron  mobility  transistors 
(HEMTs).  The  devices  exhibit  little  degradation  when  irradiated 
with  15-,  40-,  and  105-MeV  protons  at  fluences  up  to  1013  cm-2, 
and  the  damage  completely  recovers  after  annealing  at  room 
temperature.  For  1.8-MeV  proton  irradiation,  the  drain  saturation 
current  decreases  10.6%  and  the  maximum  transconductance  de¬ 
creases  6.1%  at  a  fluence  of  1012  cm"2.  The  greater  degradation 
measured  at  the  lowest  proton  energy  considered  here  is  caused  by 
the  much  larger  nonionizing  energy  loss  of  the  1.8-MeV  protons. 

Index  Terms — Displacement  damage,  GaN,  high  electron  mo¬ 
bility  transistors,  nonioizing  energy  loss  (NIEL),  proton  radiation 
effects. 


I.  Introduction 

AlGaN/GaN  high  electron  mobility  transistors  (HEMTs) 
have  been  the  subject  of  increasing  interest  since  they 
were  first  demonstrated  by  Khan  et  al  in  1994  [1].  Great 
improvements  in  the  performance  of  AlGaN/GaN  HEMTs 
have  been  achieved  since  then  [2],  [3].  Since  these  devices  are 
potentially  useful  as  microwave  devices  in  broadband  satellite 
transmission  for  communications,  television,  and  weather 
forecasting  systems,  it  is  important  to  understand  the  radiation 
response  of  these  devices. 

Luo  et  al.  studied  the  influence  of  40-MeV  protons  and  60  Co 
7-rays  on  AlGaN/GaN  HEMT  performance  [4],  [5].  They  ob¬ 
served  significant  degradation  of  the  transconductance  and  drain 
current  at  the  relatively  low  proton  fluence  of  5  x  109  cm“2. 
The  devices  also  degraded  significantly  after  600  Mrad  7-ray 
total  dose.  In  both  the  proton  and  7-ray  cases,  the  degradation 
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TABLE  I 

Typical  Vertical  Structure  of  The  AlGaN/GaN  HEMT 


6nmAl  o.36Gao.64N 


16  nm  Ab.36Gao.64N:  Si 
doped  - 10  cm' 


2.8  nm  Ab.36Gao.64N 


3.5  urn  GaN 


Sapphire  Substrate 


was  attributed  to  the  creation  of  deep  traps  in  the  bandgap  that 
remove  electrons  from  the  channel. 

Cai  et  al.  [6]  also  examined  the  radiation-induced  degrada¬ 
tion  and  subsequent  annealing  of  1.8-MeV  proton-irradiated 
AlGaN/GaN  HEMTs.  The  transconductance  degraded  65% 
after  a  fluence  of  1014  cm-2,  but  most  of  the  damage  was 
removed  by  rapid  thermal  annealing  at  800  °C  or  higher. 

To  understand  the  radiation  response  and  the  energy  depen¬ 
dence  of  proton-induced  damage  in  AlGaN/GaN  HEMTs  more 
completely,  this  paper  describes  the  results  of  1.8-,  15-,  40-,  and 
105-MeV  proton  irradiations  on  devices  from  the  same  wafer. 
No  significant  degradation  is  observed  at  fluences  of  10 13  cm “  2 
or  less  for  irradiation  at  the  three  higher  proton  energies.  How¬ 
ever,  significant  degradation  occurred  during  1.8-MeV  proton 
irradiations. 

n.  Experimental  Details 

The  AlGaN/GaN  HEMT  devices  were  fabricated  at  the  Uni¬ 
versity  of  California  at  Santa  Barbara  (UCSB)  and  packaged  at 
the  Air  Force  Research  Laboratory  (AFRL).  The  AlGaN/GaN 
heterostructures  were  prepared  by  metal-organic  chemical 
vapor  deposition  (MOCVD)  on  a  C-plane  sapphire  substrate. 
The  gate  length  is  0.7  ^m.  The  vertical  structure  of  the  device 
is  described  in  Table  I.  The  top  and  cross  section  views  of  the 
device  are  shown  in  Fig.  1 . 
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Fig.  1.  (a)  Top  and  (b)  cross  section  view  of  the  AlGaN/GaN  HEMT  device. 

Samples  were  diced  and  mounted  in  40  pin  dual  inline 
packages.  105-MeV  proton  irradiations  were  performed  at  the 
TRIUMF  accelerator  at  the  University  of  British  Columbia, 
Vancouver,  Canada.  The  proton  flux  was  approximately 
1.2  x  109  cm-2  s_1,  and  devices  were  irradiated  to  fluences 
of  3  x  10u  cm-2,  1012  cm-2,  3  x  1012  cm”2,  and  1013 
cm-2,  corresponding  to  radiation  times  of  4  min,  10  min,  30 
min,  and  2  h.  1.8-MeV  proton  experiments  were  performed  at 
Vanderbilt  University  using  a  Van  de  Graaff  accelerator  with 
raster  scanning  for  fluences  of  5  x  1011  and  1012  cm"2.  15- 
and  40-MeV  proton  irradiations  were  performed  using  the 
Texas  A&M  cyclotron  with  an  average  flux  of  107  cm-2  s-1 
and  fluence  of  5  x  1010  cm-2  and  1011  cm"2,  respectively. 
The  details  of  the  irradiation  are  summarized  in  Table  II. 

In  all  cases,  the  devices  were  irradiated  at  room  temperature 
and  all  terminals  were  grounded  during  irradiation.  After  irradi¬ 
ation,  the  dc  performance  of  the  devices  was  measured  immedi¬ 
ately  using  an  HP4156A  semiconductor  parameter  analyzer.  All 
of  the  measurements  were  performed  at  room  temperature.  For 
the  105-MeV  proton  experiments,  the  samples  were  measured 
again  after  5  h  to  check  for  annealing  effects.  For  the  15-  and 
40-MeV  proton  irradiations,  the  measurements  were  taken  one 
day  after  irradiation.  The  devices  were  measured  several  times 
during  characterization  and  no  self-annealing  effects  occurred 
during  the  measurement. 
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TABLE  II 

SRIM  [8]  Simulation  Results  for  the  AlGaN/GaN  HEMT  Device's 
Sensitive  Thickness  (3.54  ^m).  IEL:  Ionizing  Energy  Loss;  NIEL: 
Non-Ionizing  Energy  Loss 


Energy 

Loss 

1.8  MeV 

15  MeV 

40  MeV 

105  MeV 

IEL 

(keV/Ion) 

114 

26.2 

12.2 

6.1 

NIEL 

(eV/Ion) 

3.1 

0.27 

0.1 

0.05 

Maximum 

Fluence 

(cm’2) 

1012 

5x10'° 

10" 

1013 

Total 

Ionizing 

Dose 

(rads) 

1.1  xlO6 

1 

1.7  x  104 

1.6  x  104 

8.0  x  10s 

Fig.  2.  IDS  —  Vds  characteristics  for  AlGaN/GaN  HEMTs  before  and  after 
105-MeV  proton  irradiation  at  different  fluences  at  room  temperature. 


ID.  Results 

Fig.  2  shows  the  drain-source  current  as  a  function  of  drain- 
source  voltage  (ids — Vds)  for  an  AlGaN/GaN  HEMT  before  and 
after  105-MeV  proton  irradiation.  The  gate  voltages  range  from 
+1  V  to  —4  V.  Even  at  the  highest  fluence  of  1013  cm”2,  the 
radiation-induced  reduction  of  the  drain-source  current  is  small. 

The  transfer  characteristics  of  a  HEMT  before  and  after 
105-MeV  proton  irradiation  are  shown  in  Fig.  3.  The  device 
transconductance,  gm ,  is  214.4  mS/mm  before  irradiation. 
The  maximum  decreases  11.3%  after  exposure  to  a  proton 
fluence  of  3  x  1011  cm-2  and  14%  for  a  fluence  of  3  x  1012 
cm-2.  At  the  highest  proton  fluence  of  1013  cm”2,  gm  has 
partially  recovered  to  5.7%  below  the  initial  value  and  after  5 
h  of  room-temperature  annealing,  it  is  slightly  higher  than  the 
pre-irradiation  transconductance. 

Fig.  4  shows  the  forward  gate  I-V  characteristics  of  the 
HEMTs  before  and  after  105-MeV  proton  irradiation.  No  sig¬ 
nificant  degradation  of  the  forward  current  occurred  at  the  gate 
voltages  examined  here  (between  0  and  2  V).  At  low  voltage, 
recombination  current  plays  an  important  role.  As  the  voltage 
goes  higher,  it  goes  into  the  high-injection  region.  Finally, 
series  resistance  dominates  at  voltages  greater  than  1.25  V  [7]. 
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Fig.  3.  Transfer  characteristics  for  AlGaN/GaN  HEMTs  before  and  after 
105-MeV  proton  irradiation  at  different  fluences. 


Fig.  4.  Forward  gate  characteristics  of  AlGaN/GaN  HEMTs  before  and  after 
105-MeV  proton  irradiation  at  different  fluences. 


Fig.  5.  Reverse  gate  characteristics  of  AlGaN/GaN  HEMTs  before  and  after 
105-MeV  proton  irradiation  at  different  fluences  at  room  temperature. 

The  reverse  I-V  characteristics  of  the  gate  junction  before 
and  after  proton  irradiation  are  shown  in  Fig.  5.  The  magnitude 
of  the  breakdown  voltage  increases  and  the  gate  leakage  current 


Fig.  6.  Transfer  characteristics  for  AlGaN/GaN  HEMTs  before  and  after 
40-MeV  proton  irradiation  at  a  fluence  of  1  x  10 11  cm”2.  The  measurement 
was  taken  one  day  after  irradiation. 


Voa(V) 


Fig.  7.  Transfer  characteristics  for  AlGaN/GaN  HEMTs  before  and  after 
15-MeV  proton  irradiation  at  fluence  of  5  X  1010  cm*"2  at  room  temperature. 
The  measurement  was  taken  one  day  after  irradiation. 

decreases  with  proton  fluence  up  to  3  x  1012  cm"2;  after  a  flu¬ 
ence  of  1013  cm“2  and  5  h  of  room-temperature  annealing,  the 
reverse  characteristics  partially  recover  and  approach  the  pre-ir¬ 
radiation  characteristics. 

To  understand  the  energy  dependence  of  the  radiation 
response,  devices  also  were  irradiated  with  40-,  15-,  and 
1.8-MeV  protons.  The  transfer  characteristics  for  these  en¬ 
ergies  are  shown  in  Figs.  6-8.  Fig.  9  shows  drain-source 
current  as  a  function  of  drain-source  voltage  (Ids  -  Vds)  f or 
an  AlGaN/GaN  HEMT  before  and  after  1.8-MeV  proton  irra¬ 
diation.  No  significant  degradation  is  observed  for  the  40-  and 
15-MeV  proton  irradiations  at  the  highest  fluences  used  here 
(5  x  1010  cm-2  and  1011  cm-2,  respectively).  For  the  1.8-MeV 
proton  irradiation,  the  drain  current  and  transconductance 
decreased  4%  and  1.4%,  respectively,  at  a  fluence  of  5  x  1011 
cm-2;  at  1012  cm"2,  the  drain  current  and  transconductance 
decreased  10.6%  and  6.1%,  respectively. 

To  check  the  effects  of  total  ionizing  dose  on  the  devices, 
10-keV  X-ray  irradiation  was  also  performed.  Fig.  10  shows 
the  transfer  characteristics  for  HEMTs  before  and  after  X-ray 
irradiation.  No  significant  degradation  was  found  for  a  dose  of 
30  Mrad(Si02). 
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Fig.  8.  Transfer  characteristics  for  AlGaN/GaN  HEMTs  before  and  after 
1.8-MeV  proton  irradiation  at  different  fluences. 
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Fig.  9.  Ids  —  VDs  characteristics  for  AlGaN/GaN  HEMTs  before  and  after 
1.8-MeV  proton  irradiation  at  different  fluences  at  room  temperature. 
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Fig.  10.  Transfer  characteristics  for  AlGaN/GaN  HEMTs  before  and  after 
10-keV  X-ray  irradiation  at  fluences  up  to  30  Mrad  (Si02). 


HEMTs.  Hence,  we  expect  the  degradation  in  device  perfor¬ 
mance  to  be  caused  by  displacement  damage. 

The  displacement  damage  effects  from  a  variety  of  different 
particles  can  be  correlated  on  the  basis  of  the  nonionizing  energy 
loss  (NIEL).  Monte  Carlo  simulations  using  the  SRIM  program 
[8]  show  that  the  NIEL  of  1 .8-MeV  protons  is  much  greater  than 
that  of  the  higher-energy  protons  considered  here  in  the  first 
3.54  ^m  of  the  device’s  sensitive  area.  The  NIEL  values  for  all 
energies  are  summarized  in  Table  II.  The  greater  NIEL  explains 
why  the  degradation  due  to  1 .8-MeV  proton  irradiation  is  much 
larger  than  that  which  occurs  at  the  higher  energies. 

Cai  et  al.  [6]  reported  that  the  transconductance  of 
AlGaN/GaN  HEMTs  degraded  from  about  80  mS/mm  to  26 
mS/mm  at  1.8-MeV  proton  fluences  of  1014  cm-2  (67.5% 
degradation),  which  is  consistent  with  the  results  reported  here. 
However,  Luo  reported  that  the  transonductance,  gm ,  of  similar 
devices  decreased  30%  at  40-MeV  proton  fluences  of  5  x  10 10 
cm-2.  The  pre-irradiation  transconductance  was  approximately 
135  mS/mm  and  the  measurements  were  performed  ~50  h  after 
irradiation.  This  is  a  surprising  result  because  5  x  1010  cm-2  is 
a  very  low  fluence  compared  to  the  levels  at  which  significant 
displacement-damage  effects  are  measured  in  other  devices.  In 
order  to  understand  this  discrepancy,  the  experiments  described 
here  were  performed  using  the  same  system  for  irradiation, 
but  higher  fluences.  Compared  with  the  results  of  Luo  et  al , 
the  results  reported  here  show  no  significant  degradation  for 
40-MeV  proton  irradiation.  Based  on  the  results  presented 
here,  we  do  not  believe  that  the  different  radiation  response  is 
due  to  the  device  structure  itself,  but  rather  to  an  experimental 
anomaly  in  the  earlier  results. 

The  HEMT  devices  described  here  show  very  good  resis¬ 
tance  to  proton  irradiation.  This  agrees  well  with  the  expectation 
that  GaN-based  electronic  devices  should  be  very  radiation  hard 
(more  so  than  GaAs-based  electronic  devices)  [9].  GaN  has  a 
higher  displacement  threshold  energy  (Td)  than  GaAs  and  it  has 
been  observed  empirically  that  Td  is  inversely  proportional  to 
lattice  constant  (a  =  0.319  nm,  andc  =  0.519  nm  for  hexagonal 
GaN,  compared  to  a  =  0.5653  nm  for  the  zinc-blende  GaAs) 
[10],  [11]. 

V.  Summary 

The  effects  of  proton  irradiation  on  AlGaN/GaN  HEMTs 
were  studied  at  four  proton  energies.  Very  little  degradation 
was  found  for  proton  energies  larger  than  15  MeV.  For  a  fluence 
of  1012  cm“2  1.8-MeV  protons,  the  drain  current  decreased 
approximately  10%  and  the  maximum  transconductance 
decreased  6.1%.  The  energy  dependence  of  the  proton-induced 
degradation  is  consistent  with  NIEL  calculations. 

AlGaN/GaN  HEMTS  appear  to  be  excellent  candidates  for 
use  in  space  systems.  At  the  proton  energies  encountered  in  ac¬ 
tual  systems,  the  amount  of  degradation  at  typical  mission  flu¬ 
ences  should  be  negligible  for  these  kinds  of  devices. 
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Abstract — We  have  used  depth-resolved  cathodoluminescence 
spectroscopy  to  examine  AIGaN/GaN  modulation-doped  field- 
effect  transistors  that  display  degraded  source-drain  current 
characteristics  after  1.8-MeV  proton  irradiation,  along  with  bulk 
heterojunction  field-effect  transistor  material  after  similar  proton 
irradiation.  For  both  cases,  we  have  observed  distinct  changes  in 
spectral  emission  features  due  to  decreased  internal  electric-field 
strength  and  new  point  defects  within  different  layers  of  the  device 
structure  with  nanometer-scale  depth  resolution.  These  changes 
can  account  for  the  degraded  electrical  characteristics. 

Index  Terms — AlGaN,  cathodoluminescence  (CL)  spectroscopy, 
defect,  displacement,  GaN,  heterojunction  field-effect  transistor 
(HFET),  high  electron  mobility  transistor  (HEMT),  irradiation, 
modulation-doped  FET  (MODFET),  nitride,  proton. 


I.  Introduction 

NITRIDE-BASED  heterostructure  devices  have  received 
much  attention  in  recent  years  because  of  their  promise 
for  high-power  and  high-frequency  operational  characteristics. 
Among  these  devices  are  the  ALGai-zN/GaN  heterojunction 
field-effect  transistor  (HFET)  and  modulation-doped  field-ef¬ 
fect  transistor  (MODFET),  which  continue  to  be  intensively 
studied  [1],  [2].  Much  effort  has  been  concentrated  on  highly 
controlled  growth  of  the  heterostructure  devices,  consistent 
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doping  methods,  and  the  fabrication  of  temperature-  and 
time-stable  ohmic  and  Schottky  electrical  contacts.  The  effects 
of  irradiation  on  these  devices  will  become  increasingly  impor¬ 
tant  as  these  devices  are  used  in  space-radiation  environments. 
Recent  investigators  [3]-[5]  have  studied  the  effects  of  proton 
irradiation  on  electrical-transfer  characteristics  of  the  devices, 
including  the  decrease  in  dc  saturation  current  and  transcon¬ 
ductance  as  a  function  of  proton  energy  and  fluence.  Their 
results  are  consistent  with  the  formation  of  states  within  the 
semiconductor  bandgaps  due  to  the  proton-induced  displace¬ 
ment  of  atoms  in  the  multilayer  lattice  structure,  creating  point 
defects  such  as  vacancies  and  interstitials.  However,  although 
decreases  in  free-carrier  density  and  increases  in  trap  densities 
are  observed  for  m-nitrides  and  other  m-V  compounds  with 
proton  irradiation,  relatively  little  is  known  about  the  spatial 
distribution  of  such  defects,  their  influence  on  the  internal 
electric  fields  within  the  AIGaN/GaN  structure,  and  their  effect 
on  the  resultant  band  structure. 

The  correlation  of  radiation-induced  transistor  performance 
degradation  with  spectroscopic  characterization  of  the  device 
material  may  yield  important  clues  as  to  the  origins  of  their 
radiation  damage.  Spectroscopic  techniques  such  as  photo¬ 
luminescence  (PL)  [6],  Raman  spectroscopy  [7],  and  deep-level 
transient  spectroscopy  (DLTS)  [8]-[ll]  have  been  previously 
used  to  characterize  AlGaN  and  GaN  bulk  structures  after 
proton  irradiation.  Spectroscopy  of  nitride-based  light-emitting 
diode  (LED)  structures  has  also  been  reported  in  conjunction 
with  the  measurement  of  electrical  characteristics  [12],  [13]. 
In  this  paper,  we  have  used  low-energy  electron-excited 
nanoscale-  luminescence  (LEEN)  spectroscopy  to  characterize 
nitride-transistor  structures  before  and  after  proton  irradiation. 
The  LEEN  technique  is  a  low-energy  analog  of  cathodolumi¬ 
nescence  and  is  sensitive  to  the  deep-level  electronic  properties 
of  native  defects,  impurities,  chemically  induced  interface 
traps,  and  interfacial  compounds.  The  depth  of  free-carrier 
excitation  and  recombination  varies  from  nanometers  to 
microns  as  the  beam  energy  varies,  thereby  discriminating 
among  spectroscopic  contributions  from  different  layers  of  a 
multilayer  interface  [14],  [15].  We  have  previously  used  the 
LEEN  technique  to  characterize  the  effects  of  X-ray  irradiation 
on  both  thin  (~5  nm)  Si02  layers  thermally  deposited  on 
Si  [16],  and  thick-oxide  Si02  capacitor  structures  analyzed 
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in  a  cross-sectional  geometry  [17].  The  low  beam  energies 
employed  using  LEEN  make  this  technique  additionally  well 
suited  for  analyzing  HFET  and  MODFET  structures,  since 
the  total  thickness  of  these  structures  is  typically  on  the  order 
of  tens  of  nanometers.  The  direct  correlation  of  LEEN  spec¬ 
troscopy  with  device-electrical  characteristics  adds  physical 
insight  into  the  changes  in  material  properties  that  can  explain 
degraded  electrical  characteristics  after  proton  irradiation. 

Additionally,  the  comparison  of  different  heterostructure- 
growth  techniques  may  indicate  a  favorable  method  for  fabri¬ 
cating  radiation-hardened  devices.  In  addition  to  studying  the 
electrical  and  spectroscopic  characteristics  of  metal-organic 
chemical-vapor  deposition  (MOCVD)-grown  MODFET  struc¬ 
tures,  we  include  spectroscopic  data  for  bulk  HFET  structures 
grown  by  molecular-beam  epitaxy  (MBE),  thereby  illustrating 
that  irradiation  effects  can  differ  based  on  the  device  growth 
and/or  fabrication  technique. 

II.  Experimental  Procedure 

All  devices  and  bulk  material  characterized  in  this  study  were 
irradiated  at  room  temperature  with  1 .8-MeV  protons  at  Vander¬ 
bilt  University,  Nashville,  TN,  using  a  Van  de  Graaff  accelerator 
(flux  between  1  and  5  x  1010  protons  cm-2  •  s"1  depending  on 
target  fluence).  All  device  terminals  were  grounded  during  irra¬ 
diation.  DC  electrical  characteristics  were  obtained  at  room  tem¬ 
perature  using  a  HP4156A  semiconductor-parameter  analyzer. 

LEEN  analysis  was  performed  at  The  Ohio  State  University, 
Columbus,  using  a  JEOL  7800F  ultrahigh  vacuum  (UHV)  scan¬ 
ning-electron  microscope  (SEM)  with  an  Oxford  liquid-helium- 
cooled  sample  stage.  The  SEM  electron  beam  excites  electronic 
transitions  into  the  conduction  band,  and  luminescence  from 
carrier  recombination  is  collected  using  an  Oxford  MonoCL  ap¬ 
paratus  consisting  of  a  parabolic  mirror  on  the  UHV  side  cou¬ 
pled  through  a  sapphire  viewport  to  an  airside  photomultiplier 
tube  and  monochromator  with  a  maximum  spectral  resolution 
of  0.15  nm.  LEEN  spectra  were  measured  in  the  200-850-nm 
range  for  temperatures  in  the  range  of  10-300  K.  The  depth 
of  excitation  for  different  electron-beam  energies  can  be  repre¬ 
sented  by  a  CASINO  [18]  Monte  Carlo  simulation  as  shown  in 
Fig.  1.  For  electron-beam  energies  Eb  between  0.5  and  4  keV, 
corresponding  peak-excitation  depth  varies  between  <5  nm  and 
~50  nm. 

Two  sets  of  samples  were  employed  in  this  study.  The  first 
set  was  grown  by  MOCVD  at  the  University  of  California, 
Santa  Barbara,  and  consisted  of  3.5  fim  of  unintentionally 
doped  GaN  grown  on  a  sapphire  substrate,  followed  by  a  2.8-nm 
undoped  Alo.36Gao.64N  spacer,  a  16-nm  Alo.36Gao.e4N  donor 
layer  (~1013  cm"3  Si  doped),  and  capped  by  an  undoped 
Alo.36Gao.64N  layer  of  3-6  nm  thickness.  Mesa  isolation  was 
performed  by  reactive-ion  etching  (RIE).  Ohmic  and  Schottky 
contacts  were  patterned  using  photolithography  to  form  the 
devices  on  the  MODFET  structure.  The  Ohmic  metallization 
consisted  of  Ti/Al/Ni/Au  (20/200/55/45  nm)  and  the  Schottky 
contact  was  Ni/Au  (20/350  nm).  The  gate  length  for  the  elec¬ 
trically  characterized  devices  is  0.7  ^m.  After  fabrication,  the 
wafers  were  cut  into  individual  die  and  packaged.  For  each 
package,  two  transistors  were  wire-bonded  prior  to  1. 8-MeV 


Fig.  1.  Monte  Carlo  simulation  of  energy  loss  per  unit  length  dE/dx  versus 
electron-beam  penetration  depth  in  the  MODFET  structure  for  multiple  beam 
energies. 

proton  irradiation.  Source-drain  dc  current-voltage  (I-V)  char¬ 
acteristics  were  measured  as  a  function  of  gate  bias  immediately 
prior  to  irradiation,  then  at  intervals  during  irradiation.  This 
process  was  repeated  until  the  devices  no  longer  functioned.  The 
devices  were  subsequently  debonded  and  depackaged  for  LEEN 
analysis.  LEEN  was  performed  on  a  large  unmetallized  mesa 
region  adjacent  to  the  transistor  used  for  electrical  characteriza¬ 
tion.  Multiple  spectra  were  consecutively  acquired  in  the  same 
spot  to  monitor  any  possible  time  effects  due  to  our  electron 
beam.  No  significant  effects  were  observed. 

The  second  set  of  samples  was  from  Cornell  University, 
Ithaca,  NY,  and  consisted  of  MBE-grown  HFET  bulk  material 
(i.e.,  without  mesa  isolation  and  patterned  devices).  These 
structures  consisted  of  a  2— 3-/im- thick  GaN  layer  grown  on  a 
sapphire  substrate,  followed  by  a  23-nm  undoped  Alo.34Gao.66N 
layer,  and  terminated  with  a  2-nm  GaN-cap  layer.  LEEN  analysis 
was  performed  inside  a  large  square  of  side  ~100  fim  and  was 
checked  in  several  regions  to  monitor  possible  spatial-lumi¬ 
nescence  variation  in  the  material.  No  significant  variations 
were  observed  and  time  effects  were  also  minimal.  Transistors 
fabricated  on  this  material  were  unavailable  at  the  time  of  the 
study,  and  we  include  the  spectroscopic  results  for  the  purpose 
of  comparison  to  the  MOCVD-grown  material. 

in.  Results 

Fig.  2  shows  the  MODFET  source-drain  dc  I-V  character¬ 
istics  before  irradiation  and  after  two  successive  proton  flu- 
ences  of  1011  and  1012  cm-2.  Fig.  3  shows  the  transconduc¬ 
tance  as  a  function  of  proton  fluence  for  the  same  device,  with 
Vds  =  7  V.  The  postirradiation  curves  exhibit  a  reduction  in  sat¬ 
uration  current  with  increasing  proton  fluence,  compared  with 
the  pre-irradiation  data.  A  ~15%  reduction  in  saturation  current 
and  a  ~10%  decrease  in  transconductance  were  measured  after 
a  proton  fluence  of  1012  cm"2.  LEEN  analysis  was  performed 
on  a  reference  (unirradiated)  die  and  a  die  with  total  fluence  of 
1013  cm"2.  Both  die  were  taken  from  the  same  wafer  and  ex¬ 
hibited  similar  electrical  characteristics  prior  to  irradiation. 
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Fig.  2.  Common-source  dc  I-V  characteristics  for  the  same  transistor 
pre-irradiation  (solid  curves),  post-1011  cm-2  fluence  (dashed  curves),  and 
post-1012  cm-2  fluence  (dotted  curves). 
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Fig.  3.  Common-source  drain  current  as  a  function  of  gate  voltage  and 
transconductance  of  the  same  transistor  pre-irradiation  (solid  curves),  post- 
1012  cm“2  fluence  (dashed  curves),  and  post-5  x  1012  cm-2  fluence  (dotted 
curves). 


LEEN  spectra  of  the  MODFET  were  acquired  at  room  tem¬ 
perature  in  a  ~30  fim  square  mesa  region  adjacent  to  the  elec¬ 
trically  characterized  transistor.  Spectra  were  acquired  for  beam 
energies  between  0.5-4  keV,  with  the  beam  current  set  at  1  nA 
for  0.5  keV  and  adjusted  for  constant  power  with  increasing 
energies.  Fig.  4  shows  a  semilog  intensity  plot  of  the  LEEN 
spectra  for  the  reference  and  irradiated  die.  In  this  plot,  four 
features  are  identified:  a  broad  midgap  “yellow”  luminescence 
from  2.0-2.5  eV,  centered  at  approximately  2.25  eV,  the  GaN 
near-bandedge  (NBE)  transition  at  3.41  eV,  a  broad  emission  at 
~3.8  eV,  and  a  narrower  emission  at  ~4. 1  eV  due  to  the  AlGaN 
NBE.  The  small  apparent  features  at  ~1.7  eV  and  ~2.0  eV 
are  second-order  diffraction  effects  from  our  grating  monochro¬ 
mator  related  to  the  3.4-eV  GaN  and  4.1-eV  AlGaN  emissions, 
respectively.  The  reference  and  irradiated  spectra  for  all  ener¬ 
gies  have  been  arbitrarily  normalized  to  the  GaN  NBE  for  rela¬ 
tive  comparisons  of  other  spectral  features.  This  normalization 


Fig.  4.  LEEN  spectra  for  MOCVD-grown  MODFET  die.  A  reference  die  (thin 
black  curves)  is  compared  with  a  die  receiving  a  fluence  of  1013  protons/cm2 
(thick  gray  curves).  All  intensities  are  normalized  to  the  GaN  NBE  emission. 


method  is  validated  by  the  good  agreement  of  the  4.1-eV  emis¬ 
sion  for  all  energies  in  both  samples,  as  well  as  reasonable  agree¬ 
ment  in  the  lower  (<3.0  eV)  emissions. 

The  presence  of  multiple  emissions  above  the  GaN  NBE 
has  been  previously  reported  in  cathodoluminescence  studies 
of  AlGaN/GaN  HFET  structures  grown  by  MBE  [19].  Here, 
we  attribute  the  4.1-eV  emission  to  the  Franz-Keldysh-shifted 
NBE  recombination  for  the  thin  strained  AlGaN  film,  which  for 
unstrained  thick  films  with  36%  Al  mole  fraction  is  observed 
at  4.24  eV  [20].  This  feature,  taken  together  with  the  3.8-eV 
emission,  may  represent  two  different  Franz-Keldysh  energy 
shifts  originating  from  the  two  different  types  of  AlGaN  layers 
(i.e.,  with  and  without  Si  doping).  This  phenomenon  is  treated 
in  detail  in  Section  IV. 

After  normalization,  the  prominent  difference  between  the 
reference  and  irradiated  sample  is  the  significant  decrease  in  the 
3.8-eV  emission  for  all  electron-beam  energies.  By  contrast,  the 
4.1-eV  AlGaN  emission  is  unchanged  relative  to  the  GaN  NBE 
in  all  cases.  As  the  sample  temperature  is  decreased  to  ~10  K, 
the  GaN  and  AlGaN  NBE  transitions  exhibit  increased  intensity 
and  narrower  lineshapes,  as  commonly  observed  for  excitonic 
luminescence  features  at  low  temperature.  The  3.8-eV  feature 
does  not  change  in  intensity  on  an  absolute  scale  as  temperature 
is  decreased.  The  lineshape  of  the  3.8-eV  emission  is  also  un¬ 
affected  by  low  temperatures,  as  shown  in  Fig.  5.  In  this  figure, 
all  data  were  obtained  with  a  beam  voltage  of  2  keV  and  the 
spectra  have  again  been  normalized  to  the  GaN  NBE  emission. 
Sub-GaN  NBE  emissions  are  increasingly  resolved  as  tempera¬ 
ture  is  decreased,  and  have  been  previously  attributed  to  phonon 
replica  emissions  associated  with  the  various  GaN  excitons  [21]. 
No  significant  temperature  evolution  was  observed  for  the  small 
yellow  luminescence. 

The  depth  dependence  of  the  ~2.25-,  3.8-,  and  4.1-eV  emis¬ 
sions  can  be  extracted  from  the  variations  in  spectral  features 
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Fig.  5.  Temperature  dependence  of  the  LEEN  MODFET  spectra  for  the 
reference  (thin  black  curves)  and  1013  protons/cm2  fluence  (thick  gray  curves) 
die.  All  intensities  are  normalized  to  the  GaN  NBE  emission. 


Photon  Energy  (eV) 

Fig.  7.  10-K  LEEN  spectra  as  a  function  of  electron-beam  energy  EB  for 

MBE  grown  HFET  samples  before  irradiation  (thin  black  curves)  and  after 
1013  protons/cm2  fluence  (thick  gray  curves).  All  intensities  are  normalized  to 
the  GaN-NBE  emission. 


Beam  Energy  (keV) 

Fig.  6.  Intensities  and  least-squares  fits  of  the  2.25-,  3.8-,  and  4.1-eV 
emissions  as  a  function  of  electron-beam  energy  for  the  MODFET  reference 
die  (circle  symbols,  solid  curves)  and  the  1013  protons/cm2  irradiated 
die  (triangle  symbols,  dotted  curves).  These  intensities  are  extracted  after 
normalizing  to  the  GaN  NBE. 

with  incident  beam  energy  Eb •  Fig-  6  shows  the  intensities  of 
these  emissions  as  a  function  of  Eb  ,  with  the  intensities  normal¬ 
ized  to  the  GaN  NBE,  as  in  Fig.  4.  The  4.1-eV  AlGaN  emission 
exhibits  an  exponential  decay  with  increasing  beam  energy,  con¬ 
sistent  with  its  near-surface  location  and  the  increasing  depth  of 
excitation  with  increasing  For  0.5  <  Eb  <  1.5  keV  corre¬ 
sponding  to  excitation  almost  entirely  within  the  AlGaN  layers 
(see  Fig.  1),  the  relative-intensity  decay  of  the  3.8-eV  emission 
is  ~50%  faster  than  that  of  the  4.1-eV  feature.  This  difference 


indicates  that  the  3.8-eV  feature  is  associated  with  a  layer  lo¬ 
cated  closer  to  the  free  surface  than  that  of  the  4.1-eV  feature. 
For  0.5  <  Eb  <  3  keV,  corresponding  to  overall  decay  well 
past  the  AlGaN/GaN  interface,  the  3.8-eV  and  4.1-eV  features 
exhibit  nearly  the  same  decrease.  The  2.2-2. 4  eV  emission  nor¬ 
malized  to  the  GaN  NBE  intensity  also  exhibits  a  decrease  with 
increasing  Eb  ,  indicating  that  this  luminescence  is  primarily  in 
the  AlGaN  layers,  rather  than  the  GaN. 

Irradiation  also  produces  significant  spectral  changes  in 
AlGaN/GaN  unpattemed  HFET  layers  grown  by  MBE.  Fig.  7 
shows  10-K  LEEN  spectra  for  reference  and  irradiated  bulk 
samples  for  the  HFET  structure.  As  before,  all  spectra  have 
been  normalized  to  the  GaN  NBE  emission.  The  electron-beam 
currents  were  chosen  by  the  method  described  for  the  MODFET 
die,  and  the  total  proton  fluence  of  the  irradiated  specimen  was 
1013  cm-2.  The  reference  HFET  sample  exhibits  emission 
at  3.49  and  3.73  eV,  corresponding  to  the  GaN  and  AlGaN 
NBE  emissions,  respectively.  The  peak  at  3.42  eV  can  be 
attributed  to  a  characteristic  neutral  donor-acceptor  (D-A) 
pair  recombination  [21].  Additionally,  the  GaN  NBE  exhibits 
a  broad  sub-GaN  shoulder  from  3.2-3 .4  eV  combined  with  a 
narrow  emission  at  3.42  eV.  The  broad  emission  may  represent 
Franz-Keldysh  red-shifted  NBE  emission  from  strained  GaN 
at  the  two-dimensional  electron  gas  (2DEG)  AlGaN/GaN 
interface  or  in  the  thin  GaN-cap  layer  at  the  free  surface. 

The  irradiated  specimen  exhibits  significant  differences  com¬ 
pared  with  the  reference  spectra.  A  3.19-eV  emission  appears, 
and  its  intensity  relative  to  the  GaN  NBE  increases  with  in¬ 
creasing  Eb  and  proximity  to  the  GaN.  This  implies  the  emis¬ 
sion  originates  past  the  AlGaN  layer.  Emission  at  ~3.2  eV  has 
previously  been  reported  for  bulk  GaN  films  [22]  and  has  been 
attributed  to  a  D-A  pair  transition.  A  significant  decrease  in 
the  3. 2-3. 4  eV  shoulder  emission  is  also  observed  for  all  beam 
energies.  A  final  postirradiation  change  is  the  appearance  of  a 
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higher  energy  component  of  the  AlGaN  NBE  emission,  with  an 
apparent  peak  in  the  vicinity  of  ~3.8  eV,  when  corrected  for 
convolution  with  the  3.73-eV  emission. 


IV.  Discussion 

From  the  300-K  LEEN  spectra  of  the  MOCVD-grown 
AlGaN/GaN  MODFET  structures,  no  significant  changes  are 
observed  after  irradiation  in  the  relative-emission  intensities 
for  the  AlGaN  NBE  (4.1  eV)  and  “yellow”  luminescence 
(2.2-2 .4  eV),  when  normalized  to  the  GaN  NBE  (3.41  eV). 
Absolute  intensities  of  the  GaN  NBE  (and  consequently  the 
AlGaN  NBE  and  “yellow”)  were  also  unchanged,  within 
the  uncertainty  of  optical-collection  efficiency  for  slightly 
different  sample  positioning  within  our  SEM  (~10)%.  Sim¬ 
ilar  GaN-NBE  intensity  comparisons  can  be  made  for  the 
MBE-grown  HFET  structures.  These  observations  indicate 
the  AlGaN  and  GaN  films  are  not  strongly  degraded  upon 
1013  cm“2  proton  irradiation.  Similar  results  have  been 
observed  for  photoluminescence  studies  of  thick  GaN  films, 
for  which  the  luminescence  intensity  decreased  significantly 
(nearly  three  orders  of  magnitude)  only  after  proton  fluences  in 
excess  of  1013  cm-2  [6]. 

Stopping  and  range  of  ions  in  matter  (SRIM)  [23]  sim¬ 
ulations  of  1.8-MeV  proton  irradiation  indicate  that  ion¬ 
ization  events  dominate  the  proton  energy  loss  within  the 
AlGaN/GaN  structure,  with  the  nonionizing  energy  loss 
(NIEL)  events  comprising  only  a  small  fraction  (2.4  eV/ion 
versus  1.24  x  105  eV/ion)  [24]  of  the  total.  Ionizing  irradiation 
does  not  produce  significant  degradation  of  the  films,  because 
the  resulting  electron-hole  pairs  recombine  quickly.  NIEL 
events  are  comprised  of  the  generation  of  lattice  phonons  and 
vacancy-interstitial  ( V-I )  pair  formation.  Even  for  the  low 
NIEL  component  of  the  energy  loss,  our  SRIM  simulations 
indicate  the  formation  of  ~1016  vacancies/cm3  in  the  thin 
AlGaN  layers,  based  on  a  displacement-damage  threshold  of  20 
eV.  Since  V-I  pairs  can  easily  recombine  after  formation,  this 
density  can  be  regarded  as  an  upper  limit.  However,  multiple 
defect  complexes  can  form  that  do  not  readily  recombine  [25]. 
Also,  GaN  damage-threshold  energies  are  not  well  established 
and  lower  values  produce  significantly  higher  densities  [4].  Our 
SRIM  calculations  also  show  the  implanted  proton  concen¬ 
tration  resides  far  from  the  AlGaN/GaN  layers,  with  a  highly 
concentrated  proton-penetration  depth  of  ~40  ^m. 

The  predominant  irradiation-induced  change  in  the 
MODFET  spectral  emission  is  the  significant  decrease  in 
3.8-eV  emission.  A  plausible  explanation  for  this  feature  is 
a  red  shift,  i.e.,  a  shift  to  lower  luminescence  energy,  of  the 
AlGaN  NBE  emission  induced  by  Franz-Keldysh  band  gap 
“narrowing,”  in  turn  due  to  the  high  piezoelectric  field  of 
the  strained  film  [26].  Such  piezoelectric  fields  are  induced 
by  lattice  mismatch  between  AlGaN  and  GaN  layers,  but 
smaller  fields  are  also  present  in  ultrathin  Ill-nitride  films 
without  strain  as  well  [27].  These  fields  induce  a  positive-sheet 
charge  at  the  AlGaN/GaN  interface,  which  in  turn  induces  the 
2DEG  charge  in  the  MODFET  channel.  The  undoped  AlGaN 
layer  is  expected  to  have  a  high  piezoelectric  field.  A  band 
diagram  for  this  structure,  as  generated  by  a  one-dimensional 


Fig.  8.  Band  diagram  for  the  MODFET  conduction  band  Ec .  The  Fermi  level 
Ef  is  at  0  eV.  The  solid  curve  represents  the  as-received  reference  sample. 
The  dashed  curve  represents  the  effect  of  changing  the  polarization  parameters 
and  decreasing  the  maximum  internal  electric  field  from  ~0.8  MV/cm  to 
~0.6  MV/cm.  The  dotted  curve  represents  the  effect  of  adding  1018  cm-3 
acceptors  uniformly  throughout  all  layers.  In  each  case,  the  effect  is  to  decrease 
the  depth  and/or  effective  width  of  the  2DEG  well,  thereby  reducing  the  sheet 
charge  in  the  FET  channel. 

Poisson-solver  program  [28],  is  shown  in  Fig.  8,  with  piezo¬ 
electric  parameters  taken  from  [29].  The  2DEG  region  is  shown 
on  the  GaN  side  of  the  AlGaN/GaN  interface,  and  in  this 
region  the  conduction  band  is  below  the  GaN  Fermi  level.  With 
the  additional,  1018  cm-3  Si  doped  AlGaN  layer,  the  band 
diagram  for  this  structure  exhibits  higher  electric  fields  with 
the  outer  AlGaN  layers  (~8  x  105  V/cm)  versus  the  undoped 
layer  (~4  x  105  V/cm)  near  the  AlGaN/GaN  interface.  Thus, 
we  argue  that  the  higher  energy  AlGaN  emission  at  4.1-eV 
originates  in  the  undoped  portion  of  the  AlGaN  film  near  the 
AlGaN/GaN  interface,  whereas  the  red-shifted  3.8-eV  emission 
originates  from  the  higher  electric  field  strength  regions  of  the 
outer  AlGaN  layers. 

The  LEEN  intensities  versus  depth  shown  in  Fig.  6  support 
this  hypothesis.  This  figure  indicates  that  the  3.8-eV  emission 
originates  from  shallower  in  the  multilayer  structure  than  the 
4.1-eV  emission,  indicating  preferential  3.8-eV  emission  from 
the  layers  nearest  to  the  free  surface.  The  post-irradiation  de¬ 
crease  in  the  3.8-eV  emission  can  be  interpreted  as  a  decrease 
in  electric  field  within  the  AlGaN  layers.  This  decrease  could 
be  due  to  internal  electric  field  screening  resulting  from  charged 
complexes  formed  in  the  AlGaN  lattice.  Such  complexes  would 
need  to  have  areal  densities  within  the  AlGaN  film  comparable 
to  that  of  the  2DEG  channel,  e.g.,  1013  cm-2  [27].  New  de¬ 
fect  complexes  can  also  passivate  existing  donors  [30],  thereby 
reducing  carrier  concentrations  and  channel  densities.  Alterna¬ 
tively,  lattice  disruption  due  to  such  defects  may  induce  suffi¬ 
cient  reordering  to  reduce  the  as-grown  strain  and  thereby  re¬ 
duce  the  piezoelectric  fields. 

The  observation  that  irradiation  decreases  the  electric  field 
is  useful  in  developing  physical  models  for  the  degradation 
processes  that  affect  the  device-electrical  characteristics.  Fig.  8 
illustrates  each  effect  as  calculated  by  the  Poisson  solver  by 
independently  reducing  the  polarization-induced  sheet  charge 
(and  hence  the  strain  in  the  AlGaN  film)  or  by  adding  a 
uniform-acceptor  concentration  of  ~1018  cm-3  throughout 
the  heterostructure.  In  each  case,  the  effects  are  to  decrease 


IEEE  TRANSACTIONS  ON  NUCLEAR  SCIENCE,  VOL.  49,  NO.  6,  DECEMBER  2002 


2700 

* 


the  effective  AlGaN  electric  field  and  increase  the  energy  of 
the  2DEG  well  with  respect  to  the  GaN  Fermi  level.  These 
effects  will  produce  the  degradation  in  MODFET  saturation 
current  shown  in  Fig.  2  since  the  sheet  charge  density  in  the 
2DEG  channel  would  decrease.  The  decreases  in  drain  current 
and  transconductance  shown  in  Fig.  3  are  also  consistent  with 
decreases  in  2DEG  channel  density.  Similar  effects  have  been 
modeled  for  AlGaN/GaN  transistor  structures  [31].  Using  this 
model,  postirradiation  changes  in  threshold  voltage  extracted 
from  Fig.  3  can  be  accounted  for  by  a  2.5%  reduction  in 
polarization  sheet  charge,  if  the  n-type  carrier  concentration 
is  held  constant.  Such  polarization-charge  reduction  could  be 
due  to  strain  relaxation  or  preferential  acceptor  trapping  at  the 
AIGaN  interfaces.  Alternatively,  the  threshold  voltage  shift  can 
be  accounted  for  by  decreasing  net  n-type  carrier  concentration 
by  5  x  1017  cm"3,  while  holding  the  polarization  charge  con¬ 
stant.  This  acceptor  concentration  is  ~  10-20  times  larger  than 
the  maximum  postirradiation  vacancy  concentration  projected 
from  SRIM.  However,  it  is  possible  that  each  simple-point 
defect  projected  by  SRIM  results  in  multiple-trap  complexes 
that  could  decrease  the  donor  concentration  further  [32]. 
Carrier  removal  by  the  formation  of  defect  complexes  and/or  a 
reduction  in  channel  mobility  will  further  degrade  the  device 
electrical  characteristics.  However,  carrier  removal  or  mobility 
decreases  alone  cannot  account  for  the  spectral  differences 
observed.  Experiments  in  progress  will  track  changes  in 
free-carrier  density,  mobility,  electrical  characteristics,  and 
band  bending  to  distinguish  these  different  mechanisms. 

Evidence  of  AIGaN/GaN  electric-field  reduction  is  also 
present  in  the  HFET  bulk  samples.  The  AIGaN  emission  ob¬ 
served  at  3.73  eV  prior  to  irradiation  evolves  a  higher  energy 
component  at  ~  3.8  eV  after  irradiation,  suggesting  a  lower 
electric  field  and  a  resultant  shift  of  the  AIGaN  emission  to 
higher  energy.  Since  only  one  undoped  AIGaN  layer  is  present 
in  this  structure,  the  AIGaN  emission  is  expected  to  have  only 
one  red-shifted  component  before  irradiation.  This  is  indeed 
observed  as  a  single  3.73-eV  peak.  The  additional  component 
induced  with  irradiation  can  be  attributed  to  reduced  fields  due  to 
partial  screening  and/or  strain  relaxation.  The  depth  dependence 
of  the  3.8-eV  emission  in  Fig.  7  indicates  increased  intensity 
at  intermediate  depths  (~20-35  nm  for  2-3  keV,  respectively), 
corresponding  to  the  AIGaN  layer.  Since  high  fields  in  this  layer 
could  separate  electron-beam-excited  free  electron-hole  pairs 
and  reduce  NBE  emission  intensity,  a  reduction  in  field  strength 
would  increase  this  intensity  in  the  AIGaN  as  observed. 

The  narrow  peak  at  3.19  eV  after  proton  irradiation  has  been 
previously  observed  in  GaN  films  [21]  and  is  commonly  at¬ 
tributed  to  D-A  pair  transitions.  Fig.  7  shows  the  intensity  of 
this  feature  increasing  with  higher  values  of  Eb  ,  indicating  the 
origin  of  this  feature  is  in  the  GaN  film,  below  the  channel  re¬ 
gion.  Preliminary  analysis  of  the  temperature  dependence  of 
the  peak  intensity  (not  shown)  indicates  that  it  involves  a  rela¬ 
tively  shallow  state  with  low  (<25  meV)  activation  energy.  For 
a  nitrogen  vacancy  Vlv,  the  predominant  shallow  donor  in  GaN 
[33],  the  corresponding  acceptor  would  then  have  to  be  deep 
(>200  meV),  and  possibilities  include  gallium-related  defects, 
including  Vba,  Vca  +  associated  Hni  or  VGa.  complexed  with 
interstitial  N  [34].  Gallium- vacancy  production  by  high-energy 


protons  in,  e.g.,  GaAs,  is  well  known  [35].  Overall,  the  LEEN 
results  for  irradiated  MODFET  and  MBE-grown  AIGaN/GaN 
structures  suggest  substantial  field  reductions  due  to  the  creation 
of  charged  defects  within  their  AIGaN  layers. 

Although  the  predominant  spectral  changes  after  irradia¬ 
tion  for  both  sample  sets  can  be  attributed  to  field  reduc¬ 
tion,  it  is  important  to  emphasize  that  these  changes  are  dif¬ 
ferent  for  each  set.  For  example,  unlike  the  HFET  structure, 
the  MODFET  structure  does  not  exhibit  the  evolution  of  a 
higher  energy  counterpart  of  the  primary  AlGaN-NBE  emis¬ 
sion.  Similarly,  the  appearance  of  a  D-A  pair  emission  in  the 
HFET  specimen  is  not  observed  in  the  MODFET  structure. 
These  differences  suggest  that  the  effects  of  proton  irradia¬ 
tion  are  dependent  upon  the  growth  method  employed.  Such 
growth  dependence  is  not  unexpected,  given  the  substantial 
differences  in  H  and  C  exposure  between  the  MOCVD  and 
MBE  processes.  Further  study  is  in  progress  to  determine  the 
corresponding  electrical  degradation  of  devices  fabricated  on 
the  MBE  material,  and  thereby  allowing  for  direct  comparison 
with  the  MOCVD  material.  Fluence-dependence  experiments 
for  similar  MOCVD  and  MBE  samples  are  also  in  progress, 
to  more  precisely  correlate  the  evolution  of  LEEN  emission 
with  device-electrical  characteristics.  These  results  may  well 
indicate  a  preferred  growth  method  for  improving  radiation 
hardness. 

V.  Conclusion 

Spatially  resolved  cathodoluminescence  spectroscopy 
studies  of  AIGaN/GaN  MODFET  and  MBE-grown  layered 
HFET  transistor  structures  reveal  spectral  differences  corre¬ 
sponding  to  spatially  localized  changes  in  electronic  properties 
after  1.8-MeV  proton  irradiation.  These  changes  indicate  a 
reduction  in  internal  electric-field  strength  within  the  AIGaN 
layers  and  the  formation  of  charged  defects.  These  localized 
electronic  changes  and  the  associated  reduction  in  charge 
density  induced  at  the  AIGaN/GaN  2DEG  interface  channel 
can  account  for  the  decreases  in  MODFET  saturation  current, 
drain  current,  and  transconductance  observed  electrically. 
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Abstract — The  degradation  of  AlGaN/AIN/GaN  high  electron 
mobility  transistors  due  to  1.8-MeV  proton  irradiation  was  mea¬ 
sured  at  fluences  up  to  3  xlO15  cm"2.  The  devices  have  much 
higher  mobility  than  AlGaN/GaN  devices,  but  they  possess  simi¬ 
larly  high  radiation  tolerance,  exhibiting  little  degradation  at  flu¬ 
ences  up  to  1  x  1014  cm"2.  Decreased  sheet  carrier  mobility  due 
to  increased  carrier  scattering  and  decreased  sheet  carrier  den¬ 
sity  due  to  carrier  removal  are  the  primary  damage  mechanisms. 
The  device  degradation  is  observed  as  a  decrease  in  the  maximum 
transconductance,  an  increase  in  the  threshold  voltage,  and  a  de¬ 
crease  in  the  drain  saturation  current. 

Index  Terms — Gallium  alloys,  MODFETs,  proton  radiation 
effects. 


I.  Introduction 

GALLIUM  nitride-based  high  electron  mobility  transistors 
(HEMT)  have  attracted  much  research  interest  and  have 
emerged  as  promising  candidates  for  high-power  applications 
at  microwave  frequencies.  The  most  important  advantages  of 
these  devices  are  the  large  energy  bandgap  difference  (GaN: 
3.4  eV;  AIN:  6.2  eV)  and  high  electron  velocity  (107  cm/s), 
which  lead  to  a  high  density  of  sheet  charge  and  high  current 
density.  Moreover,  gallium  nitride-based  thin  film  structures  are 
suitable  for  bandgap  engineering,  resulting  in  a  wide  variety  of 
electrical  characteristics.  These  properties,  combined  with  the 
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high  thermal  stability,  make  gallium  nitride-based  devices  suit¬ 
able  for  high-power,  high-frequency  applications.  Gallium  ni¬ 
tride-based  devices  also  have  the  potential  to  exhibit  extremely 
high  radiation  hardness  [1],  [2].  These  devices  can  be  more 
radiation  tolerant  than  gallium-arsenide-based  devices  because 
of  a  higher  displacement  threshold  energy  (Tj),  which  is  in¬ 
versely  proportional  to  the  lattice  constant  [l]-[3].  For  hexag¬ 
onal  gallium  nitride,  the  lattice  constants  are  a  =  0.319  nm  and 
c  =  0.519  nm,  as  compared  with  a  =  0.5653  for  zinc-blende 
gallium  arsenide  [2],  [4].  The  electrical  properties  of  gallium-ni¬ 
tride-based  devices,  i.e.,  the  ability  to  handle  high  power  and 
high  frequencies,  make  these  devices  suitable  for  broadband 
communication  systems.  Systems  employing  GaN  devices  will 
be  deployed  in  space,  where  they  are  exposed  to  both  particle 
and  electromagnetic  radiation.  Hence,  it  is  important  to  under¬ 
stand  the  radiation  tolerance  of  gallium-nitride-based  electronic 
devices. 

Previous  studies  observed  significant  total-dose-induced 
degradation  in  AlGaN/GaN  HEMTs  only  after  a  7-ray  (60Co) 
dose  of  600  Mrad(Si)  [5].  Deterioration  in  electrical  properties 
was  reported  at  the  relatively  low  fluence  of  5  xlO9  cm-2 
40-MeV  protons,  but  this  was  a  surprising  result  that  was 
not  confirmed  in  the  other  studies  mentioned  below  [5],  [6]. 
Other  investigators  [7]  observed  significant  degradation  in 
the  maximum  transconductance  of  AlGaN/GaN  HEMTs  only 
after  a  fluence  of  1014  cm-2  1.8-MeV  protons.  The  energy 
dependence  of  proton-induced  degradation  in  AlGaN/GaN 
HEMTs  was  previously  investigated  using  1.8-,  15-,  40-,  and 
105 -Me V  proton  irradiations  [8].  No  significant  degradation 
was  observed  at  fluences  of  1013  cm"2  or  less  for  15-,  40-,  and 
105-MeV  proton  irradiations.  However,  significant  degradation 
occurred  due  to  1.8-MeV  proton  irradiations.  These  results  lead 
us  to  conclude  that  the  gallium-nitride-based  devices  studied  to 
date  are  extremely  radiation  tolerant  and  displacement  damage 
is  the  primary  phenomenon  responsible  for  the  degradation. 

In  this  work,  we  describe  the  radiation  response  of  a  novel 
AlGaN/AIN/GaN  heterostructure  [9],  irradiated  with  1.8-MeV 
protons  at  fluences  from  3xlOn  cm"2  to  3xl015  cm"2. 
We  compare  these  results  with  results  previously  obtained 
for  conventional  AlGaN/GaN  devices.  Introduction  of  a 
thin  AIN  layer  in  the  heterostructures  enhances  the  physical 
properties  and  results  in  better  performance.  We  find  that  the 
AlGaN/AIN/GaN  devices  examined  here  exhibit  improved 
sheet  carrier  mobility  compared  with  AlGaN/GaN  devices 
without  a  significant  change  in  the  radiation  response  of  the 
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Fig.  1.  Schematic  cross-section  of  an  AlGaN/AlN/GaN  HEMT.  Conduction 
is  through  the  2DEG.  The  gate  length  (Lg)  is  1.0  fim  and  the  gate  width  (W) 
is  150  fim. 
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Fig.  2.  Schematic  conduction  band  diagram  of  an  AIGaN/AlN/GaN  HEMT 
[9]. 


devices.  To  the  best  of  our  knowledge,  this  is  the  first  time 
that  radiation  effects  in  AlGaN/AlN/GaN  devices  have  been 
studied,  including  proton  radiation  effects. 

n.  Experiment 

The  AlGaN/AlN/GaN  HEMTs  were  fabricated  at  the  Univer¬ 
sity  of  California  at  Santa  Barbara  (UCSB)  and  packaged  at  the 
Air  Force  Research  Laboratory  (AFRL).  The  AlGaN/AlN/GaN 
heterostructures  were  fabricated  by  metallorganic  chemical 
vapor  deposition  (MOCVD)  on  a  c-plane  sapphire  substrate. 
The  gate  length  is  1  pm,  and  the  gate  width  is  150  pm.  The 
distance  between  the  gate  and  the  drain  is  1.4  p m.  The  distance 
between  the  gate  and  the  source  is  1  pm.  A  schematic  cross 
section  of  the  device  is  shown  in  Fig.  1. 

The  structure  consists  of  2  //m  of  semi-insulating  GaN  on 
top  of  the  c-plane  sapphire  substrate,  a  0.5-nm  interfacial  layer, 
a  27.5-nm  unintentionally  doped  (UTD)  Alo.34Gao.6sN  spacer 
layer,  and  on  top  of  a  2.5-nm  Alo.34Gao.6sN  silicon-doped 
cap  layer  with  doping  concentration  of  1.2xl020  cm”3. 
The  schematic  band  diagram  for  the  AlGaN/AlN/GaN 
structure  is  shown  in  Fig.  2  [9].  In  this  structure,  the  dif¬ 
ference  in  values  of  spontaneous  polarization  and  band 
gap  for  GaN  ( P8p  =  -2.9  x  10”6  C/cm2)  and  AIN 

(Pap  =  -8.1  x  10”6  C/cm2)  result  in  a  large  discontinuity 
in  the  conduction  band  [10].  AlGaN,  on  the  other  hand,  has 
a  lower  band  gap  and  lower  spontaneous  polarization  than 
AIN  and,  consequently,  the  conduction  band  discontinuity  is 
smaller  for  the  AlGaN/GaN  structure.  Since  the  sheet  carrier 
mobility  depends  on  the  conduction  band  discontinuity,  in¬ 
sertion  of  the  thin  AIN  (~  0.5  nm)  layer  increases  the  sheet 
carrier  mobility  compared  with  conventional  AlGaN/GaN 
heterostructures  devices  having  equivalent  AlGaN  parameters 
[9].  Hall  measurements  at  300  K  show  that,  prior  to  irradiation, 
the  sheet  carrier  mobility  for  the  AlGaN/ AlN/GaN  structure 
is  1600  cm2/V  •  s  and  that  for  the  AlGaN/GaN  structure  is 
1000  cm2/V  •  s. 

Samples  were  diced  and  mounted  in  40-pin  dual  inline  pack¬ 
ages  (DIPs).  Proton  irradiations  were  performed  at  Vanderbilt 
University  using  a  2-MeV  Van  de  Graaff  accelerator  with  raster 
scanning.  The  devices  were  irradiated  at  room  temperature  with 
a  proton  energy  of  1.8  MeV;  the  ion  currents  were  between  6  nA 


Fig.  3.  1DS  versus  VGS  for  AlGaN/ AlN/GaN  HEMTs  before  and  after 
1.8-MeV  proton  irradiation  at  RT  with  fluences  between  1  xlO13  cm'2  and 
1  xlO15  cm-2. 

and  40  nA;  the  proton  fluences  ranged  from  3  xlO11  cm”2  to 
3  x  1015  cm”2.  All  the  terminals  were  grounded  during  irradia¬ 
tion.  After  irradiation,  the  samples  were  measured  immediately 
using  a  HP4156A  semiconductor  parameter  analyzer.  All  of  the 
measurements  were  performed  at  room  temperature.  In  addition 
to  packaged  devices,  thin  films  were  also  irradiated  and  charac¬ 
terized  for  sheet  charge  density  and  mobility  using  the  Van  der 
Pauw  method. 

in.  Results 

The  transfer  characteristics  ( Ids  versus  Vgs  and  9m  versus 
VGS)  of  a  HEMT  before  and  after  1.8-MeV  proton  irradiation 
are  shown  in  Figs.  3  and  4.  No  significant  degradation  is  ob¬ 
served  for  proton  fluences  below  1  x  1014  cm”2.  As  the  fluence 
increases  further,  the  drain  current  decreases  and  the  threshold 
voltage  Vth  shifts  toward  more  positive  values. 

The  dependence  of  the  drain  saturation  current  on  proton  flu¬ 
ence  is  presented  in  Fig.  5.  The  results  for  Vgs  —  -2Vand-3V 
are  shown.  The  saturation  current  does  not  degrade  significantly 
for  fluences  less  than  1  xlO14  cm”2.  Beyond  this  level,  the 
device  degradation  becomes  significant  and  the  drain  saturation 
current  drops  to  about  50%  and  80%  of  its  pre-irradiation  level 
at  fluences  of  1  xlO15  cm”2  and  3  xlO15  cm”2,  respectively. 
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Fig.  4.  gm  versus  Ygs  for  AlGaN/AlN/GaN  HEMTs  before  and  after 
1.8-MeV  proton  irradiation  at  RT  with  fluences  between  1  xlO13  cm-2  and 
1  xlO15  cm"2. 


Fig.  6.  Maximum  transconductance  Gm  before  and  after  1.8-MeV  proton 
irradiation  at  RT  with  fluences  between  3  x  1011  cm-2  and  3  x  1015  cm-2. 


Fig.  5.  Drain  saturation  current  loss  before  and  after  1.8-MeV  proton 
irradiation  at  RT  with  fluences  between  3xl0ncm“2and3xl015  cm-2. 

Fig.  6  shows  the  maximum  transconductance  (Gm)  for  dif¬ 
ferent  proton  fluences.  Prior  to  irradiation,  Gm  is  272  mS/mm, 
and  for  fluences  up  to  1  xlO14  cm"2,  it  is  nearly  constant.  It 
degrades  at  higher  fluences,  decreasing  by  ~  55%  at  a  fluence 
of  3  xlO15  cm"2. 

The  threshold-voltage  shift  is  plotted  as  a  function  of  the 
proton  fluence  in  Fig.  7.  The  devices  are  depletion-mode, 
so  the  threshold  voltage  is  negative.  Since  these  devices  are 
expected  to  handle  high  power  at  microwave  frequencies,  a  high 
threshold  voltage  may  prove  to  be  advantageous.  Threshold 
voltages  of  the  order  of  ~  -4.0  V  have  previously  been  re¬ 
ported  for  AlGaN/GaN  devices  and  the  value  can  be  controlled 
by  altering  the  doping  levels  in  the  thin-film  structure  [8].  For 
the  present  devices,  the  threshold  voltage,  Vth>  changes  very 
little  from  its  pre-irradiation  value  of  -6.0  V  for  fluences 
below  1  XlO14  cm"2.  However,  VTh  shifts  to  -3.5  V  at  a 
fluence  of  3  xlO15  cm"2. 

Figs.  8  and  9  show  the  sheet  carrier  mobility  and  sheet  carrier 
density  as  functions  of  proton  fluence  for  AlGaN/AlN/GaN 


Fluence  (1013  cm'2) 

Fig.  7.  Threshold  voltage  versus  1.8-MeV  proton  fluence. 


Fig.  8.  Mobility  versus  1 .8-MeV  proton  fluence  (determined  from  Hall  effect 
measurement). 

and  AlGaN/GaN  thin  films,  measured  using  the  Van  Der 
Pauw  method.  The  AlGaN/AlN/GaN  thin  films  exhibit  con¬ 
sistently  higher  mobility  than  the  AlGaN/GaN  thin  films. 
The  AlGaN/AlN/GaN  films  have  a  preirradiation  mobility 
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Fig.  9.  Sheet  carrier  density  versus  1 .8-MeV  proton  fluence  (determined  from 
Hall  effect  measurement).  Fig.  10.  Sheet  carrier  density  calculated  from  the  electrical  characterization 

data  versus  1. 8-MeV  proton  fluence. 


of  ~  1600  cm2/V  •  s,  whereas  the  AlGaN/GaN  thin  films 
have  a  preirradiation  mobility  of  ~  1000  cm2/V  •  s.  Both 
types  of  thin  film  structures  have  similar  sheet  carrier  densities 
(~  1 .5  x  1013  cm"2)  prior  to  irradiation.  For  all  the  data  plotted 
as  a  function  of  fluence,  the  pre-irradiation  values  are  virtually 
the  same  as  the  values  measured  at  a  fluence  of  3  x  1011  cm"2. 

IV.  Discussion 

A.  Ionization  Effects 

Previous  researchers  observed  very  little  degradation  in 
gallium  nitride-based  devices  after  exposure  to  7  radiation  [5]. 
Earlier  10-keV  X-ray  experiments  with  the  AlGaN/GaN  high 
electron  mobility  transistors  found  no  significant  changes  after 
a  total  ionizing  dose  of  30  Mrad(SiC>2)  [8].  These  results  lead 
to  the  conclusion  that  ionization  effects  are  relatively  unimpor¬ 
tant  in  determining  the  radiation  response  of  GaN-based  high 
electron  mobility  transistors.  Moreover,  the  AlGaN/AlN/GaN 
devices  considered  here  are  structurally  very  similar  to  the 
AlGaN/GaN  devices,  which  showed  little  degradation  after 
exposure  to  X-ray  irradiation.  Therefore,  the  experiments 
reported  here  focused  on  displacement  damage  caused  by 
proton  irradiation. 

B.  Displacement  Damage  Effects 

Proton  irradiation  displaces  atoms  in  the  crystal  lattice  and 
introduces  defect  centers  in  the  device.  These  defect  centers  in¬ 
fluence  the  sheet  carrier  density  and  mobility  [3],  [10]— [12].  To 
check  the  influence  of  radiation  on  the  sheet  carrier  density  and 
mobility  of  the  two-dimensional  electron  gas  (2DEG),  a  simple 
charge  control  model  for  the  AlGaN/GaN  system  is  used,  sim¬ 
ilar  to  the  charge  control  model  used  to  describe  GaAs-based 
HEMTs  [13]. 

Placing  a  Schottky  gate  on  the  AlGaN  layer  results  in  deple¬ 
tion  beneath  the  gate.  If  the  AlGaN  layer  is  thin  enough,  or  a 
sufficiently  large  negative  gate  voltage  is  applied,  the  gate  de¬ 
pletion  and  junction  depletion  regions  will  overlap.  In  this  case 
the  sheet  carrier  density  of  the  2DEG  is  given  by 

Us~~qd  ^GS  ~  ~Vp  ~  (1) 


where  </>&  is  the  Schottky  barrier  height  and 


VP 


qNd4 

2e 


(2) 


is  the  pinch-off  voltage  of  the  AlGaN  layer.  Here  d<i  is  the  thick¬ 
ness  of  the  AlGaN  beneath  the  gate. 

The  charge  control  model  assumes  that,  in  the  linear  regions 
of  the  Id-Vd  plot,  the  drain  current  is  proportional  to  the  sheet 
carrier  density,  channel  length,  and  the  electric  field.  The  elec¬ 
tric  field  is  proportional  to  the  drain  voltage  and  the  sheet  carrier 
density  depends  on  the  applied  gate  voltage.  Using  these  ap¬ 
proximations,  the  following  relation  can  be  obtained  from  the 
charge  control  model: 


=  Rs  Rd  4- 


pWeiVos  -  Vqff) 


where  Rs  and  Rd  are  the  source  and  drain  access  resistances, 
and  L  and  W  are  the  gate  length  and  width.  Voff  is  the  “off 
voltage”  that  annihilates  the  2DEG: 


Vqff  =  <j>b  ~  AEc  —  Vp-  (4) 


For  the  present  devices,  Vp  —  0,  because  the  AlGaN  layer  is 
not  intentionally  doped.  The  off  voltage,  Voff,  is  then  equal  to 
the  threshold  voltage  Vth' 


Vqff  —  4>i,  —  &Ec  =  Vth-  (5) 


Combining  (1)  and  (5)  and  using  the  fact  that  Vp  =  0,  the 
sheet  carrier  density  can  be  calculated  from 

Us  ^  qd  ^GS  ~  V™]  •  (6) 

The  threshold  voltage  is  determined  from  the  Ids-Vgs  char¬ 
acteristics.  The  calculated  sheet  carrier  density  is  plotted  as  a 
function  of  proton  fluence  in  Fig.  10.  To  calculate  the  mobility, 
Vds/Ids  is  calculated  in  the  linear  region  of  the  I-V  curve, 
i.e.,  at  low  drain  voltages.  The  VDs/Ids  values  are  plotted 
versus  1  /(Vgs  -  Voff)- Fig.  11  shows  a  representation  of  the 
Vds/Ids  versus  1  /{Vgs -Voff)  plot.  The  slope  ofthisplotis 
related  to  the  sheet  carrier  mobility  and  the  intercept  is  related  to 
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Fig.  11.  Example  of  the  Vds/Ids  versus  1/(VG  —  VTh)  plots  used  to 
determine  the  mobility. 


Fig.  12.  Normalized  mobility  calculated  from  the  Ids-Vds  plots  versus 
1.8-MeV  proton  fluence. 


the  source  and  drain  access  resistance.  Variation  of  sheet  carrier 
mobility  with  proton  fluence  is  calculated  using  a  linear  fit  of  the 
Ids-Vds  data.  The  calculated  mobility  is  shown  in  Fig.  12  for 
different  proton  fluences.  No  significant  degradation  is  found 
for  proton  fluences  below  1014  cm-2.  At  higher  fluences,  a  sig¬ 
nificant  decrease  in  mobility  is  observed. 

For  1.8-MeV  proton  irradiation,  these  AlGaN/AlN/GaN 
HEMTs  exhibited  no  significant  degradation  at  proton  flu¬ 
ences  up  to  1014  cm""2.  Including  the  AIN  layer  in  the 
AlGaN/AlN/GaN  structure  results  in  a  large  decrease  in  alloy 
disorder  scattering  at  the  AlN/GaN  interface,  leading  to  an 
increase  in  mobility.  The  difference  in  the  band  gaps  of  AIN 
and  GaN  leads  to  a  higher  conduction-band  discontinuity  that 
results  in  lower  electron  penetration  into  the  AlGaN.  All  of 
these  effects  combine  to  yield  a  higher  mobility  of  carriers  in 
the  sheet  charge  [14]  and,  hence,  improved  device  performance. 

Similar  behavior  is  observed  in  the  thin  film  structures. 
Figs.  8  and  9  show  the  sheet  carrier  mobility  and  sheet  carrier 
density  for  AlGaN/AlN/GaN  and  AlGaN/GaN  heterostructures 
at  different  fluences.  Fig.  8  shows  that  the  AlGaN/ AlN/GaN  de¬ 


vices  exhibit  consistently  higher  mobility  than  the  AlGaN/GaN 
devices  over  the  entire  fluence  range.  Fig.  9  shows  that  both 
the  AlGaN/AlN/GaN  and  AlGaN/GaN  devices  exhibit  similar 
degradation  patterns  for  the  sheet  carrier  density.  These  results 
support  the  conclusion  that  introduction  of  the  thin  AIN  layer 
results  in  improved  mobility,  and  hence  better  performance, 
without  decreasing  the  radiation  tolerance  of  the  devices. 

C.  Damage  Mechanisms 

At  very  high  proton  fluences,  displacement  damage  degrades 
the  characteristics  of  the  devices  studied  here.  Incident  protons 
displace  atoms  from  their  lattice  sites  and  create  charged  defect 
centers.  Interaction  of  carriers  with  charged  defect  centers  in  the 
lattice  is  responsible  for  carrier  scattering  and  overall  degrada¬ 
tion  in  electrical  properties  in  these  devices  [15]. 

A  number  of  mechanisms  have  been  postulated  to  explain 
device  degradation  in  HEMTs  due  to  interaction  between  carriers 
and  defect  centers  [11],  [12].  Defect  centers  can  be  introduced 
inside  or  outside  the  2-D  electron  gas.  As  the  2-D  electron  gas  has 
an  infinitesimal  thickness,  the  probability  of  an  incident  proton 
creating  a  defect  center  inside  the  2-D  electron  gas  is  small. 
Thus,  the  majority  of  the  defect  centers  are  formed  outside  the 
2-D  electron  gas.  However,  the  charged  defect  centers  outside 
the  2-D  electron  gas  scatter  the  carriers  through  Coulomb 
interactions  and  significantly  affect  the  mobility  in  the  2-D 
electron  gas.  At  higher  fluence  levels,  mobility  degradation 
is  the  dominant  mechanism  responsible  for  the  device-level 
effects  described  above. 

Proton  irradiation  may  also  increase  the  interface  roughness  at 
the  AlN/GaN  interface  [  10] .  Since  the  2-D  electron  gas  is  situated 
in  the  GaN  near  the  AlN/GaN  interface,  increased  roughness  at 
that  interface  may  increase  carrier  scattering  and  consequently 
lead  to  lower  mobility.  However,  for  the  experiments  described 
here,  mobility  degradation  due  to  increased  interface  roughness 
is  not  important  since  it  is  a  significant  mechanism  only  at 
low  temperatures  [10]. 

Defect  centers  that  are  created  inside  the  2-D  electron  gas 
may  trap  the  carriers  and  lead  to  a  decrease  in  sheet  carrier 
density  [11],  [12].  For  these  devices,  ~  30%  degradation  in 
the  sheet  carrier  density  is  observed  at  a  proton  fluence  of 
1  xlO14  particles/cm2.  The  sheet  carrier  mobility  also  shows 
a  similar  decrease  at  a  fluence  of  ~  3  x  1014  particles/cm2. 
From  these  results,  it  is  evident  that  the  device  degradation 
after  proton  irradiation  is  due  to  both  the  decrease  in  the  sheet 
carrier  mobility  and  the  decrease  in  the  sheet  carrier  density. 

V.  Summary 

We  report  the  proton-radiation  response  of  a  new  type  of 
AlGaN/AlN/GaN  HEMT.  The  introduction  of  a  thin  AIN  bar¬ 
rier  layer  improves  the  sheet  carrier  mobility  due  to  the  higher 
conduction  band  discontinuity.  The  AlGaN/AlN/GaN  devices 
show  improved  properties  over  the  AlGaN/GaN  devices  without 
compromising  the  radiation  tolerance.  The  devices  show  no 
significant  degradation  for  1.8-MeV  proton  irradiation  at  flu¬ 
ences  up  to  1014  cm-2 .  This  strongly  suggests  these  devices  are 
well  suited  for  most  space  applications.  Moreover,  the  device 
degradation  due  to  higher  energy  protons  would  be  signifi¬ 
cantly  lower  than  that  due  to  lower  energy  protons,  as  suggested 
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by  previous  studies  with  similar  devices  [8],  As  the  fluence 
goes  up,  the  drain  saturation  current  and  maximum  transcon¬ 
ductance  decrease  and  the  threshold  voltage  becomes  more 
positive,  which  is  mainly  due  to  displacement  damage-induced 
decreases  of  carrier  density  and  mobility  in  the  sheet  charge. 
Carrier  scattering  and  carrier  removal  due  to  radiation-induced 
defect  centers  are  the  primary  degradation  mechanisms. 
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Abstract — The  effects  of  1.8-MeV  and  105-MeV  proton  irradi¬ 
ation  on  AIGaAs/GaAs  heterojunction  bipolar  transistors  (HBTs) 
are  reported.  For  1.8-MeV  protons,  the  degradation  of  the  tran¬ 
sistors  is  caused  by  an  increase  in  the  base  current  and  a  large  de¬ 
crease  in  the  collector  current.  The  device  degradation  is  much  less 
after  irradiation  with  105-MeV  protons,  because  of  lower  nonion¬ 
izing  energy  loss  (NIEL)  in  the  sensitive  region  of  the  device.  There 
is  no  improvement  in  device  performance  after  three  months  of 
room  temperature  annealing. 

Index  Terms — Displacement  damage,  GaAs,  heterojunction 
bipolar  transistors  (UBTs),  nonionizing  energy  loss  (NIEL), 
proton  radiation  effects. 


I.  Introduction 

IGaAs/GaAs  heterojunction  bipolar  transistors  (HBTs) 
are  promising  devices  for  high-speed  and  high-frequency 
operation.  Their  superior  high-speed  potential  and  high-current 
handling  capabilities  have  made  AIGaAs/GaAs  HBTs  an 
important  option  for  RF  and  microwave  circuit  technologies 
in  space  communication  systems.  Understanding  the  radiation 
response  of  these  devices  is  of  high  interest  for  space  appli¬ 
cations.  Many  papers  have  reported  the  radiation  response  of 
SiGe  HBTs  (see,  for  example,  [1]— [4]),  but  less  work  has  been 
done  on  GaAs-based  HBTs  [2],  [5],  and  [6].  In  this  paper,  we 
report  the  effects  of  proton  irradiation  on  AIGaAs/GaAs  HBTs. 
The  devices  are  very  radiation  tolerant  in  the  high-energy 
proton  environment  (105  MeV)  examined  here,  suggesting  that 
they  are  excellent  candidates  for  space  applications.  Lower 
energy  (1.8-MeV)  proton  irradiations  were  conducted  to  under¬ 
stand  the  degradation  mechanisms  in  the  devices.  Low-energy 
protons  are  much  more  damaging  because  they  deposit  more 
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TABLE  I 

Typical  Vertical  Structure  of  the  GaAs  HBT 


Doping 

Layers 

Thickness 

(A) 

X 

Concentration 

(cm-3) 

n+ 

InGaAs 

500 

0.6 

hF 

n+ 

InGaAs 

500 

0*>0.6 

1  x  SO19 

n 

GaAs 

1000 

5  x  !018 

n 

AlGaAs 

300 

0.28->0 

4  x  I01* 

n 

AlGaAs 

700 

0.28 

1.5  xlO17 

n 

AlGaAs 

300 

0->0.28 

1.5  x  10” 

P* 

GaAs 

800 

4  x  1019 

n 

GaAs 

10000 

1  x  1016 

n 

GaAs 

6000 

5  x  1018 

n 

AlGaAs 

100 

0.28 

- 

n 

GaAs 

100 

* 

energy  in  the  active  device  region.  At  the  lower  energy,  a  large 
decrease  in  the  collector  current  occurred  due  to  decreased 
electron  injection  efficiency.  Monte  Carlo  simulation  is  used  to 
calculate  the  nonionizing  energy  loss  (NIEL)  in  the  device  and 
good  correlation  with  device  degradation  is  found. 

II.  Experiments 

The  AIGaAs/GaAs  HBT  devices  were  fabricated  at  the  Uni¬ 
versity  of  California  at  Santa  Barbara  (UCSB)  using  MOCVD 
and  packaged  at  the  Air  Force  Research  Laboratory  (AFRL). 
A  representative  cross  section  of  the  vertical  epitaxial  AI¬ 
GaAs/GaAs  HBTs  studied  in  this  work  is  shown  in  Table  I. 
The  layers  are  grown  in  order  from  the  bottom  of  the  chart  to 
the  top.  The  x  column  refers  to  the  ratio  of  the  corresponding 
ternary  AlxGai_x  As  or  InxGai_x  As  material.  A  graded  layer  is 
indicated  by  an  arrow  between  two  ratios — for  example,  0.28  — > 
0  indicates  a  gradation  from  28%  A1  to  no  A1  from  the  bottom  (or 
first-grown  part)  of  the  layer  to  the  top  (or  last-grown  portion)  of 
the  layer.  The  concentration  column  is  doping  in  cm"3.  Silicon 
doping  is  used  except  for  the  p+-type  base  (the  800- A  GaAs 
layer  doped  to  4  x  1019  cm"3),  which  is  carbon-doped.  As 
shown  in  Table  I,  from  the  top  to  the  bottom,  the  first  two  500- A 
InGaAs  layers  are  n+  cap  layers;  the  next  1000- A  GaAs  layer 
also  is  a  cap  layer.  The  AlGaAs  layer  is  the  emitter.  The  800-A 
is  also  GaAs  layer  with  concentration  of  4  x  1019  cm"3  is  the 
p+-type  base.  The  10000-A  GaAs  layer  is  the  collector,  and 
there  is  a  6000-A  GaAs  n-type  subcollector  layer. 

Fig.  1  shows  a  cross-sectional  view  of  the  HBT  device  struc¬ 
ture.  All  contacts  are  identified  in  the  figure.  The  emitter  area 
is  150  fim2.  The  emitter  metallization  is  approximately  8  fim  of 
plated  gold.  The  AlGaAs  is  the  wide-bandgap  emitter  of  the  het¬ 
erostructure — the  extra  band  discontinuity  caused  by  using  a  het¬ 
erostructure  allows  the  base  to  be  heavily  doped  while  still  main¬ 
taining  good  injection  efficiency.  The  GaAs  portion  of  the  emitter 
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Fig.  1.  Focused  ion  beam  (FIB)  cross  section  of  a  device  with  the  contacts 
identified. 

provides  a  growth  transition  layer  from  AlGaAs  to  InGaAs.  The 
InGaAs  layer  is  used  for  good  contact.  The  graded  layer  was  in¬ 
serted  to  smooth  out  the  conduction-band  discontinuity. 

Samples  were  diced  and  mounted  in  40-pin  dual  in-lin 
package  (DIP)  packages.  Devices  were  irradiated  at  two  proton 
energies.  Overall,  1.8-MeV  protons  were  used  to  study  the 
degradation  mechanisms  and  105-MeV  protons  were  used  to 
be  more  representative  of  the  space  environment.  Two  devices 
from  the  same  wafer  were  used  for  each  experiment  to  check 
the  variations.  All  of  them  showed  the  same  behavior  before 
and  after  irradiation. 

For  the  I.8-MeV  proton  irradiation,  the  devices  were  irradi¬ 
ated  at  room  temperature  under  vacuum  using  the  Vanderbilt 
University  2-MeV  Van  de  Graaff  accelerator  with  ion  currents 
from  4.8  to  7.5  nA,  and  fluences  of  3  x  1011cm“2,  1  x  1012 
cm"2,  3  x  1012  cm""2,  1  x  1013  cm”"2,  and  3  x  1013  cm*"2. 
The  dose  in  rad(GaAs),  D,  is  related  to  the  fluence,  0,  through 
the  relation  [7] 

D  =  1.6  x  10“5  •  $  •  LET  (1) 

where  LET  is  the  linear  energy  transfer  of  the  material  and 
is  given  in  units  of  MeV-cm2/mg.  According  to  calculations 
[7]  and  through  Monte  Carlo  simulation  with  the  SRIM  pro¬ 
gram  [8],  the  LET  of  1.8-MeV  protons  in  GaAs  is  7.86  x  10” 2 
MeV-cm2/mg.  Thus,  the  fluences  correspond  to  total  (ionizing) 
doses  of  378, 1.3, 3.8, 12.6,  and  37.8  Mrad(GaAs),  respectively; 
however,  as  discussed  below,  the  NIEL  is  a  more  relevant  quan¬ 
tity  for  these  devices  than  is  the  total  ionizing  dose.  Although 
these  ionizing  doses  are  relatively  large,  X-ray  irradiations  con¬ 
firmed  that  there  was  no  significant  degradation  due  to  total  ion¬ 
izing  dose. 

For  the  105-MeV  proton  irradiation,  the  experiments  were 
performed  at  the  TRIUMF  accelerator  at  the  University  of 
British  Columbia,  Vancouver,  Canada.  The  fluences  were  the 
same  as  those  used  in  the  1.8-MeV  experiment,  with  proton 
fluxes  of  about  9  x  108  cm”2s“1,  which  correspond  to  total 
doses  of  22.56  krad(GaAs)  to  2.26  Mrad(GaAs),  respectively. 
All  terminals  were  grounded  during  the  irradiation. 

After  proton  radiation,  the  dc  performance  of  the  HBT  de¬ 
vices  was  measured  immediately  using  an  HP4156A  semicon¬ 


Fig.  2.  Gummel  characteristics  for  AlGaAs/GaAs  HBT  device  before  and  after 
105-MeV  proton  irradiation. 


ductor  parameter  analyzer.  All  of  the  measurements  were  per¬ 
formed  at  room  temperature.  The  samples  were  measured  again 
after  two  days  and  after  three  months  to  check  for  annealing 
effects. 

in.  Results 

Fig.  2  shows  typical  Gummel  characteristics  [log(Jc)  and 
log (Ib)  versus  Vbe]  1b  an  HBT  device  before  and  after 
105-MeV  proton  irradiation.  No  significant  changes  are  visible, 
even  at  the  highest  proton  fluence  (3  x  1013  cm-2).  The 
collector  current  decreases  less  than  2%  at  a  fluence  of  1013 
cm-2,  and  at  3  x  1013  cm-2,  it  decreases  just  15%,  which 
makes  the  current  gain  degrade  15%.  Although  the  energy 
spectrum  of  protons  in  space  is  highly  dependent  on  the  orbit, 
most  of  the  protons  reaching  the  device  will  have  relatively 
high  energies.  Thus,  the  degradation  due  to  105-MeV  protons 
is  a  reasonable  indicator  of  the  radiation  tolerance  of  these 
devices  in  space.  The  good  radiation  tolerance  of  these  devices 
is  partly  the  result  of  the  thin,  heavily  doped  base  region  [9]. 

The  base  current  is  plotted  versus  emitter-base  voltage  before 
and  after  1.8-MeV  proton  irradiation  in  Fig.  3.  Post-irradiation 
annealing  results  are  also  plotted  in  the  figure.  For  proton  fluences 
up  to  1012  cm-2,  the  base  current  is  nearly  constant.  When  the 
proton  fluence  reaches  3  x  1012  cm-2,  the  base  current  increases 
~25%atVB£  =  1.55V;atl013cm-2,thebasecurrentincreases 
100%;  and  at  3  x  1013  cm-2,  the  base  current  increases  250%. 
There  is  almost  no  change  in  base  current  during  three  months 
of  post-irradiation  room  temperature  annealing  in  air. 

It  is  interesting  to  note  that  the  collector  current  decreases  sig¬ 
nificantly.  Fig.  4  shows  the  collector  current  versus  emitter-base 
voltage  for  different  proton  fluences  with  Vcb  =  1  V.  The  col¬ 
lector  current  changes  very  little  for  fluences  below  1012  cm-2 . 
However,  at  3  x  1012  cm-2,  the  collector  current  decreases 
~20%  at  Vbe  =  1.55  V;  at  10i3  cm-2,  the  collector  current 
decreases  ~55%;  and  at  3  x  1013  cm-2,  the  collector  current 
decreases  97%.  The  collector  current  recovers  4%  after  three 
months  of  room  temperature  annealing,  but  it  remains  far  less 
than  the  pre-irradiation  value.  All  of  the  irradiated  devices  show 
the  same  behavior. 
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Fig.  3.  Logarithm  of  IB  versus  VB  e  for  a  typical  GaAs  HBT  device  at  Vcb  = 
1.0  V  before  and  after  1.8-MeV  proton  irradiation  at  300  K. 


Fig.  4.  Logarithm  of  Ic  versus  VB  e  for  the  device  and  irradiation  conditions 
of  Fig.  3. 

Because  of  the  increase  of  the  base  current  and  the  large  de¬ 
crease  of  the  collector  current,  the  current  gain  f3  decreases  very 
significantly  after  1.8-MeV  proton  irradiation.  The  degradation 
of  the  current  gain  for  different  values  of  Vbe  before  and  after 
1.8-MeV  proton  irradiation  is  shown  in  Fig.  5.  A  comparison  of 
current-gain  degradation  due  to  1.8-  and  105-MeV  proton  irra¬ 
diation  is  shown  in  Fig.  6. 

For  1.8-MeV  irradiation,  the  peak  current  gain  is  44  at  a  base 
emitter  voltage  of  1.55  V  before  irradiation.  After  1012-cm“2 
proton  irradiation,  the  peak  gain  shows  little  degradation;  at  3  x 
1012  cm-2,  it  decreases  35%;  at  1013  cm“2,  it  decreases  75%. 
For  a  fluence  of  3  x  1013  cm-2,  the  current  gain  has  essentially 
gone  to  zero.  After  three  months  of  annealing,  the  peak  current 
gain  recovers  very  little. 

IV.  Discussion 

Previous  work  has  shown  that  GaAs  devices  can  be  irradiated 
with  gamma  rays  to  levels  in  excess  of 400  Mrad(GaAs)  without 
significant  degradation  [2],  [10].  Our  own  10-keV  X-ray  exper¬ 
iments  with  the  HBT  devices  also  found  no  significant  changes 
after  a  total  ionizing  dose  of  30  Mrad(GaAs).  Thus,  ionization 


Fig.  5.  Pre-  and  post-radiation  current  gain  (/3)  for  a  GaAs  HBT  device  versus 
the  emitter-to-base  voltage  at  300  K. 


Fig.  6.  Normalized  current  gain  as  a  function  of  proton  fluences  for 
AlGaAs/GaAs  HBTs  with  proton  energy  of  1.8  MeV  and  105  MeV  at  300  K. 

effects  are  relatively  unimportant  in  determining  the  radiation 
response  of  these  devices.  Hence,  we  expect  the  degradation  in 
device  performance  to  be  caused  by  displacement  damage. 

The  displacement  damage  effects  from  a  variety  of  different 
particles  can  be  correlated  on  the  basis  of  the  NIEL.  Estimates 
using  the  SRIM  program  [8]  (ignoring  nuclear  reactions)  indi¬ 
cate  that  the  NIEL  for  1.8-MeV  protons  is  approximately  70 
times  higher  than  the  NIEL  for  105-MeV  protons  in  the  first  2 
fim  of  the  device,  which  explains  why  the  degradation  of  the 
current  gain  due  to  1.8-MeV  protons  is  almost  80  times  larger 
than  that  caused  by  105-MeV  protons  at  a  fluence  of  3  x  1013 
cm-2  (Fig.  6). 

Base  current  ideality  factors  [n  in  the  expression  I  —  /o  + 
Ii  exp  (qV/nkT)]  at  low  VBe  are  useful  in  determining  the 
degradation  mechanisms.  For  1.8-MeV  proton  irradiation,  the 
base  current  ideality  factor  (measured  with  1.0  V  <  Vbe  < 
1.35  V)  changes  in  the  range  from  1 .76  to  1.46  before  and  after 
proton  irradiation,  respectively.  This  implies  that  recombination 
happens  both  in  the  base-emitter  depletion  region  and  in  the 
neutral  base  region,  because  the  recombination  current  in  the 
emitter-base  depletion  region  has  an  ideality  factor  of  ~2.0, 
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Fig.  7.  Current-voltage  characteristics  of  B-E  diode  and  B-C  diode  after 
1.8-MeV  proton  irradiation.  The  proton  fluence  is3x  10  13  cm  _2. 


Fig.  8.  Collector  current  at  the  low  emitter-base  voltage  range  before  and  after 
1.8-MeV  proton  irradiation. 

whereas  the  recombination  current  in  the  neutral  base  region 
has  an  ideality  factor  of  ~1.0  [11].  The  base-current  increase  is 
due  to  displacement  damage-induced  traps,  which  decrease  the 
minority-carrier  lifetime. 

The  great  decrease  of  collector  current  in  the  devices  ir¬ 
radiated  with  1.8-MeV  protons  is  due  to  the  deterioration  of 
the  emitter-base  diode.  The  base-emitter  and  base-collector 
diode  current-voltage  characteristics  are  shown  in  Fig.  7.  The 
base-emitter  heterojunction  was  degraded  more  than  the  base- 
collector  homojunction  after  1.8-MeV  proton  irradiation  (e.g., 
in  the  active  region  at  Vbe  =  1.5  V,  the  current  level  decreased 
by  more  than  a  factor  of  ten  after  irradiation),  which  decreases 
the  emitter  injection  efficiency.  The  same  phenomenon  was 
previously  observed  in  neutron  irradiation  experiments  [12]. 

The  collector  current  at  low  emitter-base  voltage  (<1.0  V) 
increases  several  hundred  times  after  irradiation,  and  it  recovers 
after  annealing,  as  shown  in  Fig.  8.  The  greatly  increased 
leakage  current  comes  from  generation  current  in  the  reverse- 
biased  base-collector  depletion  region,  which  is  due  to  the 
creation  of  trapping  centers  by  displacement  damage. 


V.  Summary 

GaAs  HBTs  were  irradiated  with  protons  at  energies  of 
1.8  MeV  and  105  MeV  and  at  fluences  ranging  from  3  x  1011 
cm-2  to  3  x  1013  cm"2.  For  1.8-MeV  proton  irradiation, 
the  increase  of  the  base  current  and  the  large  decrease  of 
collector  current  both  contribute  to  the  degradation  of  the 
device.  The  increase  of  the  base  current  is  due  to  displacement 
damage-induced  traps,  which  decrease  the  minority  carrier 
lifetime.  However,  the  collector  current  decrease  appears  to  be 
mainly  due  to  degradation  of  the  emitter-base  diode,  which 
decreases  the  electron  injection  efficiency.  Although  these 
HBT  devices  show  significant  degradation  for  1.8-MeV  proton 
irradiation,  they  are  good  candidates  for  applications  in  space 
systems  because  they  exhibit  relatively  little  degradation  due 
to  high-energy  (105  MeV)  protons,  which  are  much  more 
representative  of  space  than  are  1.8-MeV  protons. 
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